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Meyer, Stephanie A. (Ph.D., Physics)
A Frequency-stabilized, Diode-pumped Yb:KYW Optical Frequency Comb for Metrology
Thesis directed by Dr. Scott Diddams
There has been a wealth of research into applying optical frequency combs to a variety
of scientific and technological problems in the last decade. Thus there is much interest in the
development of new frequency comb sources to fulfill the requirements of these applications. In
this thesis I will present the first frequency-stabilized, diode-pumped Yb3+-crystal frequency comb.
The comb is based on a 180 MHz mode-locked Yb:Tungstate (Yb:KYW) fs-laser. The fs-laser
output was amplified, temporally compressed and broadened to an octave-spanning spectrum
in microstructured fiber. The offset frequency was then detected using an f–2f interferometer
and locked using a phase-locked loop. The repetition rate was locked to a cavity-stabilized laser.
The frequency-locked Yb:KYW comb was compared to a Ti:Sapphire comb locked to a different
CW reference laser. Each comb was photodetected and the resulting microwave harmonics of the
repetition rates were mixed. The phase noise of the mixed-down signal was measured to verify the
generation of very stable microwave signals from the Yb:KYW comb. This result demonstrated
the potential of Yb:KYW combs for low noise applications. With that established, routes towards
the GHz repetition rates that are desirable for many comb applications will be presented. These
include a Kerr-lens mode-locked 800 MHz Yb:KYW fs-laser and a combination of amplification
and cavity filtration. My results demonstrate that such a Yb-doped tungstate laser can provide an
efficient, compact, high-repetition-rate optical frequency comb with coverage from 650-1450 nm.
Finally, in the process of the laser development, the pump-dependent Yb:KYW resonant dispersion
was measured, which will also be presented.
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Chapter 1
Introduction
The advent of carrier-envelope offset locking of Ti:Sapphire lasers in 2000 led to the devel-
opment of fully frequency-stabilized optical frequency combs [168, 143, 79, 45]. Since then there
has been much research in the field, with the optical frequency comb quickly becoming the ruler
for measuring optical frequencies in the metrology community. Research into the application of
frequency combs in such disparate fields as medical diagnosis and astronomy has been pursued
[170, 23]. Though the research on applications of frequency combs has ballooned in the last ten years,
research into the stabilization of the many different mode-locked lasers reported in the literature
has lagged somewhat. Mainly Ti:Sapphire and Er:fiber mode-locked lasers have been employed for
applications, with more recent work on Yb:fiber combs contributing to the mix. Diode-pumped
Yb3+-doped bulk gain media can make highly efficient mode-locked lasers, and so are thus attractive
for use in many frequency comb applications, with some advantages over their Yb:fiber counterparts.
For my thesis work I built and stabilized a new type of frequency comb, one based on a diode-pumped
Yb:KY(WO4)2 (Yb:KYW) mode-locked laser.
In this thesis I will describe the development of the ∼180 MHz Yb:KYW fs-laser and the
subsequent frequency stabilization and characterization. The fs-laser was mode-locked with a
semiconductor saturable absorbing mirror. The output of the fs-laser was amplified and spectrally
broadened in a Yb:fiber amplifier. The re-compressed pulses were broadened to an octave-spanning
spectrum in microstructured fiber to allow f–2f interferometric detection of the combs offset
frequency, f0. With some effort, f0 was locked to a synthesizer with low in-loop integrated phase
2noise, comparable with that of Ti:Sapphire and Er:fiber frequency combs. To lock the second
comb parameter, frep, the heterodyne beatnote between the Yb:KYW light and a stable CW
reference laser was detected. The detected beatnote was locked to a RF synthesizer, leading to a
frequency-stabilized comb.
Photodetection of an optical frequency comb results in an RF frequency comb at harmonics of
frep. The electronic signal at N ×frep can be a source of state-of-the-art low phase noise microwaves.
As a test of the Yb:KYW comb, its light was detected with a high bandwidth photodiode. A
higher harmonic of frep was isolated and compared against that of another stabilized frequency
comb system, Ti:Sapphire, by frequency mixing. The mixed down beat signal was characterized
by measuring its phase noise. The first comparison between the two combs detected excess phase
noise in the mixed down signal due to amplitude noise in the Yb:KYW broadened light. The
excess amplitude noise was generated in the nonlinear fiber and converted to phase noise when
photodetected. Lower phase noise microwaves were measured with the output straight from the
Yb:KYW laser. The resulting phase noise was better than commercial sources and on par for
eventually being competitive with other frequency combs.
During the design of the Yb:KYW fs-laser, the dispersion of the gain crystal was measured as
a function of pump power. A pump-dependent resonant dispersion was discovered and explained
by the Yb:KYW energy diagram. When the gain is high, the Yb:KYW GVD oscillates in the
1020–1045 nm range. This oscillating behavior should effect the fs-laser dynamics most when the
laser cavity has a low Q. Finally, two routes to higher repetition rates were tested with Yb:KYW:
Kerr-lens mode-locking of a ring laser and simultaneous filtration and amplification of the output of
a lower repetition rate laser. The ring laser is a promising route towards a higher repetition rate
Yb:KYW frequency comb, though some work is still required to have a frequency-stabilized, 1 GHz
Yb:KYW comb
The organization of this thesis is as follows. Chapter 2 will present the background information
needed to understand my thesis work and motivate the development of the Yb:KYW comb. Next,
chapter 3 will describe the SESAM mode-locked fs-laser, including details on its development and
3limitations. Chapter 4 will start by presenting the results for the amplification, compression and
nonlinear broadening of the Yb:KYW fs-laser and then the the frequency stabilization. The end
of chapter 4 will present the results of the microwave comparison measurements. In chapter 5 the
measurement of the pump-dependant resonant dispersion of the Yb:KYW crystal will be presented.
Finally, in chapter 6 I will present results on the two different routes to a high repetition rate
Yb:KYW fs-laser.
Chapter 2
Motivation and Background Information
A frequency comb is the stabilized output spectrum of a femtosecond mode-locked laser,
thus I will start this chapter by describing the fundamentals of mode-locked lasers and what their
outputs look like in both the time and the frequency domains. The basic principles of passive
mode-locking will then be described, including Kerr lens mode-locking and mode-locking with
semiconductor saturable absorbing mirrors (SESAM’s), the relevant methods to this thesis work.
I will then describe how the output spectrum of the mode-locked laser is stabilized to make an
optical frequency comb. Since the frequency stabilization employed in this thesis requires both
microstructured fiber broadening and a stabilized optical reference, the basics of these will be
covered next. I will introduce some of the most interesting applications of frequency combs as a
motivation for the search for different types of combs. I will then describe the properties of several
different frequency comb sources, including the Ti:Sapphire and Er:fiber based combs. I will then
describe the properties of Yb3+-doped crystal mode-locked lasers. and describe some of the reasons
why they are attractive media for fs-lasers. Finally I will give some detailed information specific to
the Yb:KY(WO4)2 crystal used as a gain medium for the mode-locked laser built and stabilized for
this thesis work.
2.1 The Mode-Locked Laser in the Time and Frequency Domain
Mode-locked lasers emit a repetitive train of short pulses with a constant time spacing. The
pulse full-width at half-max (FWHM),τp is very small compared to the time between two pulses,
5Trep ; a typical ratio being 106. Mode-locked lasers mainly took the form of dye lasers in the
1970’s [76] and were greatly improved in the 1990’s with the advent of the Ti:Sapphire fs-laser as a
broad bandwidth, passively mode-locked system capable of producing pulses as short as 6 fs, with
correspondingly broad optical bandwidths [159, 191, 123]. Mode locked lasers were quickly put to
work in the field of ultrafast science for pump-probe experiments and other ultrafast time-resolved
measurements. Astute scientists had already recognized and used the comb-like optical frequency
output for spectroscopy even in the late 1970’s [52]. Mode-locked lasers made their dramatic entrance
into the optical frequency metrology community in 2000, with the advent of octave-spanning spectra
from external nonlinear broadening of Ti:Sapphire fs-lasers in photonic crystal fibers. The broad
spectrum allowed the underlying frequency comb to be measured and controlled [168, 143, 79, 45] for
optical frequency metrology. In this section I will describe the time and frequency domain spectra
of these mode-locked lasers, while their stabilization will be described in section 2.3.
The descriptive name mode-locked laser already informs the careful listener as to what the
spectral output of a mode-locked laser looks like. Mode-locked means that the cavity modes which
contribute to the output pulse train are locked in phase, which is the reason that they add up
coherently to form a pulse. What modes am I referring to? A laser cavity has boundary conditions
so that only certain longitudinal frequencies of the cavity’s electromagnetic field can oscillate, much
like the normal modes of a guitar string, drum, or pipe. The frequencies of the normal longitudinal
modes, fn of a zero-dispersion linear cavity of length L in a vacuum are integer multiples of a
fundamental frequency, which is called the cavity’s free spectral range ffsr, ie.
fn = nffsr = n
c
2L
, (2.1)
where n is the mode harmonic number and c is the speed of light in a vacuum. A continuous wave
(CW) laser has only a few (or ideally one) longitudinal modes that oscillate, and if there are several
modes oscillating their phases are generally random and wander over time. A mode-locked laser has
many oscillating modes, up to a million, and they are all locked in phase.
The effect of locking the phase and combining many frequency modes is exhibited in Figure
62.1. Figure 2.1(a) shows three optical frequency spectra consisting of evenly-spaced frequency modes
with increasing full-width at half maximum values. Figure 2.1(b) shows the resulting amplitude as
a function of length along the cavity (at a constant time) for those spectra with random phases. No
pulses are formed in this case, just mode beating, noisy fields. However, figure 2.1(c) shows the
same spectra for the case where the modes add coherently, ie. they are locked in phase. A pulse
forms in the cavity when many modes add coherently in this way, and the pulse gets narrower as
the spectral bandwidth is increased. Although in these graphs the pulse formation was plotted as a
function of distance at a constant time, the pulse is a traveling pulse, moving around the cavity,
thus at the output of the laser this same shape will be seen in one position as a function of time.
The picture just painted by figure 2.1 looks quite simple, but of course there is a catch.
The electromagnetic modes of a laser cavity do not quite follow equation 2.1 because real-world
lasers have non-zero dispersion, which causes the speed of light inside the cavity to depend on the
frequency. However, as will be discussed in section 2.2, nonlinear effects in the caivty create an
evenly spaced frequency spectrum out of the laser. Mathematically, when the laser emits pulses
evenly spaced at Trep , then the frequency spectrum of the output is necessarily a series of evenly
spaced frequency components at frep = 1/Trep because of the Fourier transform relationship between
the time and frequency domain representations of the electromagnetic field.
Recall from electromagnetic theory that dispersion causes a pulse’s envelope and carrier
to travel at different speeds in a medium, with vg denoting the group (envelope) velocity and vp
denoting the phase (carrier) velocity. To simplify the subsequent discussion, we will consider vg and
vp to be weighted averages in one cavity round trip. The pulse repetition rate is thus frep = vg/(2L).
The dispersion in the cavity causes the pulse’s carrier frequency to advance with respect to the
envelope as the pulse travels around the cavity. The phase difference between the carrier fc and the
envelope after one round trip is:
∆φCEO = 2pifcL
(
1
vg
− 1
vp
)
. (2.2)
In one round trip the phase of each oscillating frequency of the laser will increase 2pi times its
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Figure 2.1: The effect of locking the phases of many oscillating modes leads to pulse creation. The
broader the spectrum, the shorter the pulse. Random phases do not lead to pulse formation, only
mode beating. Some of the traces were shifted vertically for clarity.
mode index n plus ∆φCEO, which is common to all the modes because of the mode-locking process.
This is expressed as:
2pifnTrep = 2pin+ ∆φCEO. (2.3)
Solving for frep = 1/Trep gives the renowned comb equation
fn = nfrep + 2pifrep∆φCEO = nffrep + f0, (2.4)
where f0 is the carrier-envelope offset frequency, often referred to as simply the offset frequency.
From this equation we can see that the difference in round trip phase between the carrier and the
8envelope in the time domain causes the entire comb spectrum from figure 2.1(a) to be shifted by f0
in the frequency domain.
The comb equations means the frequency of the million phase-coherent modes emitted from
the mode-locked laser are all determined by two radio frequencies (RF), f0 and frep. In fact, the
uniformity of the spacing of the modes of a Ti:Sapphire laser to 3× 1017 was already reported in
[176]. This series of frequencies look a lot like the ticks on a ruler, and that is how the mode-locked
laser’s output spectrum will be useful for optical frequency measurements. However, in order to
use the comb for frequency metrology we first need to stabilize the two RF frequencies which
determine the comb. In a free-running mode-locked laser the comb’s f0 and frep will drift and
oscillate due to perturbations from the environment such as air flows, mechanical perturbations,
changes in temperature and humidity, etc. We won’t get consistent results from a ruler whose
ticks are spreading in and out and shifting back and forth, so we must first stop the motion of our
optical ticks. However, before I describe the stabilization of the output comb, I will first discuss
how the laser modes shown above are locked. The focus of the following section will be on passive
mode-locking.
2.2 Locking the modes: Passive mode-locking with slow and fast saturable
absorbers
The modes become locked in phase and their spacing equidistant across the oscillating
bandwidth through nonlinear mechanisms which stabilize the formation of equally spaced pulses.
My thesis work with Yb:KYW fs-lasers relied on passive mode-locking with saturable absorbers,
so this is my focus in this section. An intuitive explanation for how this works is that a saturable
absorber inside the cavity encourages pulse formation because a pulse which saturates the absorber
will experience less loss than the ”continuum” (ie. background radiation); the continuum has lower
intensity and doesn’t saturate the absorber. In reality it is a little more complicated because of
dispersion, gain bandwidth, saturation parameters, and other factors that all contribute to the
dynamics of pulse formation. One important saturable absorber parameter that determines the
9dynamics is how fast or slow the saturable absorber recovers. An example of a fast saturable
absorber is the Kerr lens effect.
Kerr-lens mode-locking (KLM) was first reported in Ti:Sapphire lasers in 1991 by Spence
et. al [159], although it was originally called self-mode locking because no extra mode-locking
material, active or passive, was needed in the cavity to initiate mode-locking. Later that year this
result was explained with a simple ABCD model for the Kerr self-focussing of the beam inside
of the Ti:Sapphire crystal, which causes better overlap with the region of highest gain for higher
intensities. The Kerr self-focussing can also be combined with an intra-cavity pinhole to make the
loss higher for lower intensities [149]. Favorable gain for higher intensities means pulses form under
these condition. For KLM, the laser cavity needs to be aligned near the edge of its stability range,
and a perturbation is typically required to initiate mode-locking. The Kerr self-focussing acts like a
fast saturable absorber, since the response can be considered instantaneous. Thus the pulse shaping
happens at both the leading and trailing edges of the pulse, as shown in figure 2.2(a). Although
the Kerr lensing is actually an intensity-dependent gain, the effects are similar since the net gain is
the gain-loss. The behavior of KLM Ti:Sapphire fs-lasers is well described by dispersion managed
mode-locking [29, 141, 150]. Though I will describe a KLM laser in this thesis, the bulk my research
employed mode-locking with a slow saturable absorber.
Mode-locking with a slow saturable absorber, with a response as in figure 2.2(b), works mainly
in combination with strong soliton pulse shaping, at least, for pulses of < 1 ps. It is sometimes
called soliton mode-locking because the pulse is shaped by soliton formation and the absorber
mainly stabilizes the soliton against the continuum. It was theoretically shown in [85] and in
subsequent work [84] that, a saturable absorber with a long recovery time (∼ 10–20×τp) can initiate
mode-locking dominated by soliton formation, which is based on the balancing of the chirp from
negative GDD and the positive chirp from self-phase modulation (SPM) on the pulse envelope over
one round trip. Because of the strong soliton effects, even a slow absorber removes the continuum
because it is spread by the GDD and then absorbed.
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Figure 2.2: This figure shows the gain and loss verses time for fast (a) and slow (b) saturable
absorbers (from [86]). An typical SESAM layer structure is shown in (c), from www.batop.de
2.2.1 Soliton mode-locking pulses
In a fs-laser, the pulse goes through different cavity elements which have different effects in a
discontinuous fashion. Following the method of Haus [69], the effects of the cavity elements can be
averaged over one round trip to find an analytic ”master equation”, though in reality the soliton
will ”breath” as it traverses the cavity. The master equation approximation can be applied when
the pulse shaping of any one pass through any cavity element changes the pulse by 20% or less.
The full master equation including gain and loss, GDD, SPM, the gain and intracavity
filter dispersion, and the saturable absorber dynamics is not analytically solvable, but can be
approximately studied based on soliton perturbation theory, which shows that the soliton solution
is stabilized by the action of the slow saturable absorber (for the full theoretical treatment see [84]).
The pulse envelope of the soliton take the form of a sech:
A(t) = A0sech
(
1.76 ∗ t
τp
)
, (2.5)
where A0 is the field amplitude and τp is the soliton full-width at half-max (FWHM). When the
chirp from SPM and GVD are balanced over one round trip, we can relate the parameters of the
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pulse:
τp = 1.76
(
4|GDD|
γEp
)
, (2.6)
where γ is the SPM coefficient and Ep is the pulse energy. For the details, including the definition
of GDD and some derivations and equations for the linear and nonlinear propagation of light, see
appendix A.
Although soliton-like shaping is important for KLM systems as well, in the SESAM mode-
locked systems, such as that developed here, the pulse shape and spectral envelope have a sech2
profile, compared to the more complicated spectra seen in Ti:Sapphire systems. The master equation
formulation doesn’t apply to many KLM Ti:Sapphire systems because of the strong pulse shaping.
Even when it does, there are still differences between the behavior of slow and fast saturable absorber
mode-locked lasers [83].
2.2.2 Intro to SESAM’s
The type of slow saturable absorbers employed in this thesis were semiconductor saturable
absorbing mirror (SESAM), which are described in detail in [86]. SESAM’s are fabricated on a
semiconductor wafer with different layers, as shown in 2.2(a). The bottom layer is a Bragg mirror
which gives close to 100% reflectivity over the bandwidth of the laser. The next layer is the saturable
absorber, which consists of one or more layers of quantum wells. The field amplitude inside the
SESAM is determined by the top layer, which allows tuning of the amount of absorption. SESAM’s
make good slow saturable absorbers for soliton mode-locking because they can be made to have
different saturable absorber parameters like absorption wavelength, saturation energy, recovery
time, and modulation depth by changing the structure of the layers. As I will describe next, these
parameters determine the reflectivity of the SESAM, which in turn controls the mode-locking
behavior of a laser using them.
The average reflectivity of a pulse with fluence Fp =
∫∞
−∞ |A(t)|2dt incident on a SESAM is
determined by its modulation depth, ∆R, saturation fluence, Fsat, the non-saturable absorption,
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Ans and the two-photon absorption (TPA) parameter, FTPA according to:
R(Fp) = 1−Ans −∆R1− e
− Fp
Fsat
Fp
Fsat
− Fp
FTPA
. (2.7)
To simplify the graph, figure 2.3 plots the SESAM reflection as a function of the saturation
parameter, Fp/Fsat, for several different values of the TPA parameter. The modulation depth
and the nonsaturable loss are also shown on the graph. The difference between the low-signal
reflectivity and the fully saturated reflectivity is ∆R. Also, the result of TPA is to cause a rollover
in the reflectivity at higher pulse fluence values, ie. the reflectivity goes back down for a highly
saturated SESAM with TPA. This will be of interest when we discuss the results with my Yb:KYW
mode-locked laser.
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Figure 2.3: The reflectivity of a SESAM as a function of saturation parameter is plotted for different
TPA parameters, showing the rollover from TPA and the modulation depth and nonsaturable loss.
These two common passive mode-locking mechanisms for bulk solid-state fs-lasers involving
either KLM (ie. fast saturable absorber mode-locking) or a SESAM (slow saturable absorber) are
the physical mechanisms for the pulse formation which results in the comb of frequency modes
described in section 2.1. The next section will describe the methods of stabilizing the spectral
output of the mode-locked laser.
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2.3 Stabilization of the Comb Spectrum of a Mode-Locked laser
0!
fn = nfrep + f0 
     = frep(n + ΔφCEO/2π)  
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Figure 2.4: The time and frequency domain picture of a mode-locked laser. The time domain
pictures shows the pulse envelopes, separated in time by Trep and the pulse to pulse carrier envelope
phase slip, ∆φCEO. The frequency domain picture shows the evenly spaced modes separated by frep
, all shifted uniformly from zero by f0 . In addition the basic ideas for locking f0 with an f–2f
interferometer and optical locking using an optical reference fopt are shown.
To stabilize the entire comb we must measure and stabilize the two degrees of freedom that
determine the comb, f0 and frep. The repetition rate can be measured by detecting the pulse train
with a high bandwidth photodiode. The radio frequency (RF) spectrum of the electronic signal from
the photodiode contains harmonics of frep within the bandwidth of the photodiode. The simplest
way to stabilize frep is to lock the detected frequency with a phase-locked loop (PLL) using feedback
to the cavity length (which determines frep) via a piezoelectric transducer (PZT) attached to one of
the cavity mirrors. For some applications the direct locking method can be useful and it was the
method relied upon in some of the seminal frequency comb work [45, 79].
To stabilize frep with lower phase noise an optical reference can be used rather than an RF
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reference, which the metrology community found to be the key to using the comb for high precision
optical frequency measurements [47]. Figure 2.4 shows an optical frequency reference, fopt that
the comb can be locked to, along with the beatnote between the optical frequency and a nearby
comb mode, fbeat. The beatnote can be measured by interfering the nearby comb light with the
optical reference light on a photodiode. A PLL locks fbeat by using feedback to the PZT. Locking
the comb this way transfers the stability of the optical reference to the entire comb. The power of
this locking method is that the fractional stability of a good optical references is much better than
RF and microwave references. The optical references of interest will be described in section 2.3.2.
With frep stabilized by one of the two methods just described, the control of f0 remains
necessary next to have a fully stabilized comb. Measuring f0 is trickier than frep. Typically an
f–2f interferometer detects f0 for locking. An f–2f interferometer requires a comb which spans an
octave in frequency space, ie. if the lower frequency part of the spectrum starts at f , then the higher
frequency part of the spectrum must end at 2f or higher. Actually, in the comb world the definition
of octave-spanning is that f0 can be measured and stabilized with an f–2f interferometer. In that
case, the power at f and 2f has to be just enough to measure a sufficiently large signal to noise
beatnote. To achieve this broad bandwidth the first stabilized frequency combs used Ti:Sapphire
fs-lasers broadened nonlinearly in microstructured fiber [79, 45], to be discussed in detail in section
2.3.1. Eventually, octave-spanning Ti:Sapphire systems were developed, so that the direct output of
the laser could be locked without any external broadening [59]. However, for most frequency comb
sources developed to date, nonlinear broadening has been a necessity for detection of f0 .
Figure 2.4 shows the premise of the f–2f interferometer. The infrared side of the optical
spectrum is doubled and interfered with the visible side of the optical spectrum on a photodiode,
yielding the desired f0 signal as the beat frequency between the two. A PLL using feedback to
the pump power locks f0. With both frep and f0 stabilized, the optical frequency comb is a ruler
for measuring optical frequency and can be used for a variety of interesting metrology, scientific
and technological applications which will be discussed in section 2.4. But first, let’s discuss in a
little more detail two subjects brought up that are important for the optical and f0 stabilization:
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broadening in microstructured fibers and optical frequency references.
2.3.1 Octave Generation with Microstructured fibers
The first report of octave-spanning spectra from nonlinear broadening in air-silica microstruc-
tured fiber was in 2000 at Lucent Technologies [143]. Microstructured fiber is made with a very
small silica core surrounded by air holes, as shown in figure 2.5. The air holes perform two func-
tions. Firstly, they guide the light to be focussed into the very small (a few µm) core, leading
to high intensities. However, even in a single mode silica optical fiber, pulsed light experiences
high intensities in the core, but pulses at < 1300 nmbroaden quickly in silica fiber because of the
large normal dispersion, so the intensity doesn’t stay high for long. In microstructured fiber the
waveguide dispersion is anomalous and can be used to cancel out the normal material dispersion.
The zero dispersion wavelength, ie. the crossover from anomalous to normal dispersion, can be
tuned by changing the fiber air-silica hole structure. Additionally, these fibers exhibit single-mode
propagation of light over a large bandwidth due to the large index step. Thus, when pulsed light
is injected into the fiber, it experiences high intensities over a significantly larger distance, so it
can generate many new wavelengths through nonlinear 4-wave mixing, a cascading phenomena,
allowing the spectrum to reach the octave of spectral bandwidth required to lock f0 with an f–2f
interferometer.
The price paid for having such strong nonlinearity is that noise in the fs-laser can be amplified
in the nonlinear fiber. There are two types of noise that have been investigated in microstructured
fiber: the conversion of amplitude modulation on the input into phase modulation on the output,
investigated in [63] and the amplification of quantum and technical amplitude noise on the input
into higher amplitude noise on the output [125, 36]. The AM noise amplification for my Yb:KYW
comb will be evident in this thesis work, to be seen in chapter 4.
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Figure 2.5: The cross section of an air-silica microstructured fiber for supercontinuum generation is
shown, from NKT Photonics.
2.3.2 Optical clocks and stabilized lasers
The advent of optical clocks in the last decade has been enabled by a combination of low
noise cavity-stabilized lasers and ultrastable and narrow atomic transitions (enabled by ion and
atom trapping and cooling), combined with the frequency comb. For the work of this thesis, I have
employed optical frequency references in the form of a CW laser stabilized to a high finesse Fabry-
Perot optical cavity. The cavity end mirrors are optically contacted to a rigid spacer, enhancing
the stability of the cavity length, and the light travels back and forth through a center hole in the
spacer. The first sub-Hz linewidth optical references were reported in [187]. In recent work from
[78], a fractional frequency instability of 2× 10−16 at 1 second averaging was achieved on a 518 THz
carrier.
To make an optical clock, one of these sub-Hz CW lasers is referenced to an extremely narrow
linewidth/long lifetime transition of an atom/ion. There are two main paths that this has taken:
one (or two) trapped and cooled ions or a larger number of ultracold atoms. There are also a few
molecular references as well. A sampling of many of the optical atomic clocks that are currently
being researched at various institutions around the world are in table 2.1. Also given is the frequency
of the clock transition and the wavelength of the laser that is used to access the clock transition
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Ion/Atom/Molecule Clock Transition Laser source Institute
Hg+ 1064 THz 1128 nm NIST [130]
In+ 1267 THz 946 nm MPQ [178]
Sr+ 445 THz 674 nm NRC, NPL[50], [111]
Al+ 1124 THz 1068 nm NIST [146]
Hg 1130 THz 1063 nm SYRTE [137]
H 2466 THz 972 nm MPQ [93]
Ca 456 THz 658 nm PTB, NIST [175, 163]
Sr 429 THz 699 nm U. Tokyo, JILA, SYRTE, LENS [166, 107]
Y b 519 THz 578 nm KRISS, NIST [78]
OsO4 29 THz 852 nm and 788 nm Paris Nord [4]
CH4 88 THz 3.4 µm Lebedev, NPL, PTB, Novosibirsk [57]
I2 563 THz 1064 nm JILA, PTB, NMIJ, BIPM [185]
Table 2.1: Information on current research optical clocks is given in this table. Note that many
of the lasers lie near 1000 nm, near the central wavelength of my Yb:KYW frequency comb to be
described in this thesis.
(often through a 4th harmonic for UV transitions) [184]. For more information on the application
of combs to clock measurements, stay tuned.
2.4 Applications of Stabilized Combs
In this section I will review some of the applications of combs that have been developed over
the past 10 years. For a review on the recent progress of optical frequency combs and applications,
see [42].
First an foremost, especially in the Time and Frequency Division at NIST, the comb is a tool
for measuring and comparing different optical frequencies, in particular for optical clock development.
For optical clock comparisons, the comb can be locked to one clock as described in 2.3, then used as
a frequency ruler to measure the frequency of another clock by measuring the beatnote between
the CW laser light and the comb. For a historical view on the measurement of optical frequencies,
see [71]. Although our current definition of the SI second is based on a microwave transition in
Cesium, in the future this could be replaced by an optical frequency due to the pioneering work
of many optical clock researchers. The birth of optical clocks and the birth of the comb were
intertwined because optical clocks require a comb to count their cycles and combs require an optical
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reference to be optimally stabilized, as discussed in 2.3. As the comb equation’s fundamental limits
were measured and improved [176, 162, 108], with the eventual limitation measured on the comb’s
frequency at the 10−19 level, they were relied on heavily by optical frequency metrology groups
around the world as the gears for their optical clocks, as shown in table 2.1. Some highlights in
their development are given in these references [47, 175, 53, 111, 166, 107, 146]. Recently optical
clocks have reached a ground-breaking instability of 8.6× 10−18 for the newest version of the Al+
quantum logic clock [30].
The ability to measure time to such high accuracy have allowed the optical clocks to be used
to test fundamental physics at scales never before imagined. For example, repeated measurements
of the frequency ratio of the Hg+ single ion optical clock and the Al+ clock were performed over a
year. Since the ratio of the clock transitions in the two ions depends on the fine structure constant,
limitations to changes over time in the fine structure constant [146] could be set. Recently, two Al+
optical clocks were compared to detect the gravitational time dilation at differences in height of less
than a meter in a gravitational field (ie. on the earth’s surface) and to detect special relativistic
time dilation at a relative velocity 22.4 miles per hour[31].
For the optical clock measurements just discussed, there are many requirements on the comb
used to measure the clocks. Firstly, the comb needs to be reliable, so the measurements can be
continuously run for long averaging times. Secondly, the spectrum of the comb much overlap with
the spectrum of the clock lasers (or, as is the case with the ion clocks, with the laser used to
nonlinearly generate the clock laser), many of which are given in table 2.1. Thirdly, the comb itself
should have low noise, so that the measurement is limited by the atoms/ions and not the comb.
Finally, for measuring optical beatnotes as discussed in 2.3, higher power per mode allows larger
signal to noise ratio. Thus higher repetition rate lasers, with more sparsely dispersed modes in
frequency space. An example at NIST is the 1 GHz, octave-spanning Ti:Sapphire laser [58].
Naturally, the broadband spectrum of a frequency-stabilized comb could be put to use for
doing atomic and molecular spectroscopy, the bread and butter of chemistry, astronomy and physics.
There are many ways to use the comb for spectroscopy. First and foremost, similarly to the optical
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clock measurements, the stabilized comb can be used as a ruler to measure the frequency of a
CW laser that is locked a transition in an atom, ion or molecule, such as was done with the 1S-2S
transition in Hydrogen [127]. The CW laser can be scanned to probe the line center of one or many
transitions [132], and difference frequency generation (DFG) and other nonlinear optics techniques
can shift the light to different spectral regions, such as mid-IR [114]. Actually, in [114] DFG on two
comb-locked CW lasers was combined with cavity ringdown spectroscopy to improve the sensitivity
to absorption. Later we will see that this principle can be pushed even further by using the entire
comb for cavity ringdown spectroscopy. In a similar application, the coherence between the phases
of disparate parts of a frequency comb spectrum allowed the production of a ultracold gas of
ground-state polar molecules by using two comb-locked lasers to coherently transfer weakly bound
molecules to the ground state [126]. For CW spectroscopy applications, a high comb repetition
rate is helpful and of course comb coverage in the spectral region of interest is important, unless
nonlinear methods are used.
The examples in the previous paragraph involved using the comb as a ruler, rather than
doing spectroscopy with the comb directly. Another example of using combs as frequency rulers are
the recent advances towards using combs for astronomical spectrograph calibration. Spectroscopy
of emission and absorption lines is the main tool astronomers have for studying stars, nebulae,
and other astronomical objects. Laboratory measurements of the transitions in various atoms and
molecules goes hand in hand with this work, as was evident in the original name for JILA, Joint
Institute for Laboratory Astrophysics. Currently the spectrographs used to analyze the light from
stars collected at telescopes are calibrated using various discharge lamps or absorption cells. The
precision with which frequency combs allow measurements of optical frequencies could revolutionize
the ability of astronomers to detect smaller spectral shifts. One of the most interesting applications
of comb calibration for astronomical spectrographs is in the detection of earth-like planets orbiting
stars by measuring the Doppler motion of the star due to its rotation about the center of mass of
the planet-star system. Smaller planets cause smaller shifts, so increased sensitivity is needed in
order to detect them. Putting the comb light, with its broad series of evenly spaced frequencies,
20
incident on the spectrograph can enhance the sensitivity to detection of planets, [104]. With the
recent success of the Kepler mission, which uses a different technique, called the transit method,
the number of extrasolar planets detected thus far just jumped by a factor of three [19], interest in
planet finding should increase in the future. Of course, planet-finding is just one of the applications
of higher precision astronomical spectroscopy.
There are several requirements for a so-called ”astro-comb”. Firstly, the comb needs a large
enough repetition rate to be resolved by the spectrometer, which typically requires an frep with
tens of gigahertz, so far only reached with cavity-filtering of the modes of a lower repetition rate
comb. Secondly, to be useful the comb must span a large region of the electromagnetic spectrum
and be centered in a region that astronomers want to study, which is dependent on the target of
observation. Thirdly, the comb should be reliable and not require a laser-scientist to run it, since we
laser scientists occasionally enjoy sleeping at night and we also cost money. The technical challenges
involved in using combs for astronomical spectrograph calibration are being pushed against by
groups around the world in recent work [181, 16, 139].
Considering that the stabilized comb itself is a broadband source of about a million coherent
CW lasers related in frequency by the comb equation 2.4, another interesting option is to directly
use the comb for spectroscopy, which is what many groups have pursued in a variety of ways. One
method of using the comb for direct spectroscopy is to measure fluorescence from the decay of
an excited state while scanning the frequency comb. Fluorescence spectroscopy is ideally done
with either laser-cooled atoms to limit doppler broadening or in a doppler-free beam alignment.
This type of measurement has been performed on several different alkalai atoms for both two-
photon and single-photons transitions at precision rivaling CW laser spectroscopy, as reported in
[157, 112, 64, 55, 160]. One complication is that multiple comb elements could be contributing to the
measured fluorescence so there is some ambiguity in the measurement of spectra using fluorescence.
One could directly measure the difference in amplitude of the whole spectrum of comb modes
after the comb light has interacted with the atoms of molecules of interest, but this method requires a
way to spectrally resolve the various comb modes. Although information on the spectral amplitudes
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can be gained even without a spectrometer that fully resolves all the comb modes at one time
[172, 171], ideally one could resolve individual comb modes in parallel. One way to achieve this is
with a crossed spectrometer employing a virtually-imaged phased array (VIPA), which can have a
resolution of about 1 GHz, combined with a grating [44]. This combination of VIPA and grating
allows the comb frequencies to be separately imaged on individual pixels of a CCD camera, which I
like to call a frequency brush. Combining a VIPA and grating spectrometer with the sensitivity
of broadband cavity ringdown spectroscopy allows the detection of very low levels of constituent
molecules by their absorption, which can be used for applications from the medical field for breath
analysis [170] to industrial applications such as measuring impurities in semiconductor gases [37].
One final method for resolving individual comb absorptions with direct frequency comb
spectroscopy uses two identical locked combs with a slight difference in their repetition rates, with
one comb being used for the absorption spectroscopy and the other serving as a reference for reading
out the spectrum in the RF domain. [156, 34]. This method of readout can also be combined with
cavity-enhancement of the absorption measurement for improved sensitivity [17].
All the spectroscopy applications mentioned profit also from work to make combs in different
regions of the electromagnetic spectrum, both by the stabilization of fs-lasers with different central
wavelengths and by the shifting of combs to different frequencies using optical nonlinearities.
A related application to optical frequency metrology is microwave frequency metrology, in
particular, the generation of low phase noise microwaves by photodetection of optically stabilized
combs. Low phase noise microwaves have a variety of scientific and technical applications such as
local oscillators for Cesium fountain clocks [152], remote synchronization for XFEL facilities [28],
low noise waveform synthesis [102], high speed analog to digital conversion [177] and very long
baseline interferometery radio astronomy [49]. To make low phase noise microwaves the comb serves
as a divider from the optical to the microwave by optically locking the comb as discussed in section
2.3 and then detecting the locked pulse train on a high bandwidth photodetector. The RF spectrum
of the signal will contain harmonics of the repetition rate, of which the most interesting range for
low phase noise microwave detection is 10 GHz.
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In the early days of frequency combs, it was already recognized that the generated pulse train
of an optically stabilized comb was potentially a source of very low phase noise microwaves [47]. In
2002 Ramond et. al. showed the generated microwaves were at least as good as the comparison
maser-referenced synthesizer [47, 142]. By comparing two combs locked to the same optical reference,
the residual instability could be measured and was found to have lower phase noise than state of the
art microwave oscillators close to the carrier [11, 115]. Later this same comparison was performed
using two different optical references to find an instability of 3.5× 10−15 at 1 second, limited by
noise in the photodetection process [10]. Recent results for the comparison of 10 GHz microwaves
from two independently optically stabilized Ti:Sapphire laser [61] have improved even more on these
results.
The properties of combs that are most useful for the generation of low phase noise microwaves
are higher repetition rates, to avoid saturating the photodiode with the lower harmonics of the
repetition rate (discussed in more detail in chapter 4) and, of course, low noise, including amplitude
noise. Amplitude noise of the comb light converts to phase noise on the detection microwaves in the
photodiode, as will be seen in chapter 4 in the context of my work. In addition, portability, low cost
and low power consumption could open up more uses for the generated low phase noise microwaves.
The advent of frequency combs, in particular CEO control over fs-laser pulse trains, opened
up new ground in the field of attosecond science. If an atom is illuminated by an extremely intense
laser field, such as at the peak of a fs pulse, the atom can become ionized by the laser’s strong
electromagnetic field. When the laser field pushes the electron back into the atom later in its cycle,
the electron emits a short burst of XUV radiation, which consist of discrete harmonics. In the
2000’s the field of attosecond pulse generation took root, with shorter and shorter pulses being
generated and with the HHG process developed as a source of table-top X-rays [82]. The CEO phase
of the ionizing laser can affect the outcome of higher harmonic generation and the phase matching
thereof, [51, 8, 151], especially when the pulse consists of only a few cycles of the electromagnetic
carrier wave. Another route to coherent XUV light has been to use cavity-enhanced higher harmonic
generation to generate coherent, stabilized XUV combs at high repetition rates [80, 186], which
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opens up the spectroscopy applications of combs to this interesting frequency range. For application
to XUV generation, first and foremost an intense laser field is needed, from 1013 to 1015 W/cm2,
typically requiring amplification of a fs-laser.
In addition to higher harmonic generation, there have been other demonstrations of physical
phenomena sensitive to the CEO phase, such as multiphoton photoelectron emission from gold
surfaces or injected photocurrent in semiconductors [5, 62]. An additional application of frequency
combs has been the recent demonstration of improvements to laser ranging using using two frequency
combs in [33, 67]. Finally, another interesting application being pursued is line-by-line pulse shaping
of optical frequency combs [164, 56].
As we can see from the long list of applications and publications above, which is in no way
exhaustive of all the work in this field in the last 10 years, frequency combs have a variety of uses in
various fields and we’ve probably only scratched the surface with what’s been done so far. One of
my goals in presenting this list, aside from motivating in general the importance of work in the field
of combs, is to emphasize the breadth and depth of the applications. This list gives one a sense
that, for this dizzying array of applications, a variety of frequency combs sources will prove useful
in allowing comb specifications and application requirements to meet in parameter space.
2.5 Review of Frequency Comb Systems
Motivated by the many applications mentioned in the last section, there is great interest
in the development of new frequency comb sources. This section will review the frequency comb
sources already developed or in the research phase.
2.5.1 Ti:Sapphire
As mentioned in section 2.3, the first frequency combs were Kerr lens mode-locked Ti:Sapphire
lasers. The initial results mentioned in section 2.3 were obtained with 100 MHz Ti:Sapphire lasers,
such as shown in figure 2.7(a), broadened in microstructured fiber. Eventually an octave-spanning
version was developed [59]. At the same time, work on higher repetition rate lasers was underway,
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Figure 2.6: This figure shows typical spectra from some of the frequency combs discussed in this
section.
with the development of fs-output from with broad bandwidth from a 1 GHz Ti:Sapphire lasers
[14], initially CEO locked by 2f–3f interferometric measurement of f0 [142]. Eventually this
broadband output was pushed out to the required octave for simple f–2f measurement of f0 [58].
Figure 2.6 shows the spectra of a an octave-spanning 1 GHz comb and the result of broadening
in microstructured fiber. The emission spectrum of Ti:Sapphire is in the 700–900 nm range, so
the typical range of the broadened output is somewhere from 500–1200 nm. The octave-spanning
versions work because of the strong nonlinear broadening in the gain crystal. Ti:Sapphire fs-lasers
are typically pumped at 532 with Ppump ∼ 5–10 Watts from the doubled output of a 1064 nm
diode-pumped solid state Nd:YAG or Nd:Vanadate laser. Typical average output powers of a
Ti:Sapphire fs-laser are Pout ∼ 0.5–1 Watt. The optical to optical efficiency, which is defined as
Pout/Ppump, is typically ∼10%. Electrical to optical efficiency, which is defined as Pout/Pelec, where
Pelec is the electrical power required, for Ti:Sapphire is ∼0.1%
Ti:Sapphire lasers offer some distinct advantage over the other frequency comb sources that
have been reported to date. Firstly, they have sufficient emission bandwidth to support very broad
spectral output of up to an octave and thus incredibly short pulses down to about 5 fs. Secondly,
since they have been the workhorse for much of ultrafast science, they are relatively well understood
and can be commercially purchased. Thirdly, they have been shown to have extremely low noise
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Figure 2.7: This figure shows typical cavity configurations for a 100 MHz (a) and 1 GHz Ti:Sapphire
fs-laser for comb stabilization. DPSS=diode-pumped solid-state
when stabilized, with the residual fractional frequency noise on the Ti:Sapphire comb at the 10−19
level [108]. Additionally, broadband Ti:Sapphire lasers can have high repetition rates, with the
current record at 10 GHz [13]. As mentioned in the last section, high repetition rates can be an
advantage for many applications, in particular metrology and direct comb spectroscopy.
With these advantages come disadvantages. The main disadvantages are the size, cost and
relative inefficiency of the pump laser at 532 nm. If high power diode lasers at 532 nm are ever
developed, this issue could be eliminated. Although even high repetition rate Ti:Sapphire lasers can
be operated at lower pump powers of about one Watt [90], the overall power consumption of the
systems could still be a disadvantage for some applications, since the optical to optical efficiency
is low. Also, Ti:Sapphire lasers often require precise alignment and the free-space optics are not
robust to user error and other sources of misalignment.
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2.5.2 Er:fiber
The gain source for Erbium fiber fs-lasers is an Er3+-doped fiber. A typical mode-locked
Er:fiber laser is shown in figure 2.8, with the laser shown being mode-locked by nonlinear polarization
rotation [70]. Er:fibers typically are pumped at 980 nm with ∼ 1 Watt or 1480 nm with ∼ 300 mW
of power. They emit in the 1550 nm region with average output powers of about 25–100 mW at
pulse lengths of about 100 fs. Their unique position in the telecom range allows the use of telecom
parts from well-developed Er:fiber amplifiers. Typical repetition rates for Er:fiber lasers are 50–250
MHz. Their output can be amplified and broadened to an octave-spanning spectrum using highly
nonlinear fibers so that f0 can be detected and stabilized, with a typical broadened spectrum shown
in figure 2.6. In 2004 the first fully stabilized Er:fiber system was demonstrated [179] and since
then there has been active research and commercial development on Er:fiber combs. Through the
hard-work and ingenuity of researchers, much of the noise on fiber laser frequency combs has been
suppressed [124] and they now rival the Ti:Sapphire laser for many frequency comb applications.
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Figure 2.8: This figure shows typical cavity configurations for an Erbium-doped fiber laser that
can be broadened to an octave and stabilized. PBS=polarizing beam splitter, WDM=wavelength
division multiplexer, SMF=single-mode fiber
There are many clear advantages of Er:fiber lasers, especially compared to Ti:Sapphire laser,
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including their compactness, efficiency, cost, and robustness. Since they are directly diode-pumped,
they have higher electrical to optical efficiency of ≈1%, about a factor of 10 better than Ti:Sapphire.
They are made of telecom parts and are pumped by telecom diodes and are thus relatively inexpensive.
The size of the components is also quite small, so they can make compact comb systems. Finally,
since they are made of fiber components with typically only a short free-space section, they are
robust and also do not require the precise alignment of Ti:Sapphire fs-lasers. In particular, the
pump always stays aligned because it is either spliced or butt-coupled. Since the dispersion of single
mode optical fiber is anomalous past 1550 and the dispersion of Er-doped fibers is normal at 1550,
no free-space dispersion compensation is needed, so net cavity GDD can be tuned by adjusting the
amount of fiber. In fact, a specifically-designed all-fiber comb was found to be immune to vibration
[15]. One disadvantage of Er:fiber combs are their relatively low repetition rates, though recent
work seems to be pushing that limitation [116, 26]. Lower repetition rate lasers often need to be
cavity-filtered to the one or more GHz repetition rates required of many applications [161]. In
addition, fiber-lasers have a very low cavity Q compared to solid-state lasers, with losses of up to
50% in one round trip, which provides a fundamental limitation because of ASE induced noise in
the cavity.
2.5.3 Cr:Forsterite
Cr:Forsterite lasers have center wavelengths at ∼1300 nm and have been demonstrated
to mode-lock with pulses as short as 14 fs with careful dispersion management [32]. They are
typically pumped at 1064 nm with an Nd:YAG laser or at 1075 nm with CW Yb-fiber lasers. The
cavity configurations typical of Cr:Forsterite are similar to those for Ti:Sapphire from figure 2.7.
The repetition rates of up to 433 MHz, demonstrated in [89], is promising for optical frequency
metrology and other applications requiring high repetition rate. As with Er:fiber, they require
nonlinear broadening in fiber to reach an octave-spanning spectrum for f–2f stabilization of the
CEO frequency. Unfortunately, so far the linewidth of f0 has been too broad to allow high stability
comb operation required for many applications, likely a result of pump noise. In the initial work at
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NIST the linewidth of f0 was found to be ∼7 MHz full-width at half-max [89, 88], with recent results
demonstrating ∼1 MHz linewidths [173]. Though linewidth narrowing of f0 has been demonstrated
with a knife-edge at the position of the spatial chirp in a laser using prisms [174], so far this
phenomena has not been put to use to stabilize the comb output of the laser.
2.5.4 Yb:fiber
While I was working on my thesis research with a Yb:KYW, free-space solid state laser, much
work has been underway in various groups with Yb:fiber frequency combs. These lasers use a Yb3+-
doped fiber as a gain source, with typical cavity configurations similar to Er:fiber. Yb:fiber lasers
emit in the range of 1000–1100 nm, where material dispersion is normal, so anomalous dispersion
compensation is needed. Intracavity dispersion compensation for Yb:fiber combs can be free-space
gratings inside the cavity or chirped fiber Bragg gratings. Yb:fiber combs are diode-pumped at 976
nm and are power scalable due to the high output power Yb:fiber amplifiers available from double
clad fibers pumped with high output power multimode pump diodes at 976 nm. In addition, due to
the broad bandwidth offered by the glass medium, they support extremely short pulses, as short as
36 fs [75].
The first fully stabilized Yb:fiber laser frequency comb was reported in 2007 [131], though
in this first reporting the free-running f0 linewidth was 250 kHz with a Lorentzian shape and
characteristic wings. Later, in 2008 the un-amplified output of a Yb:fiber oscillator was broadened
to an octave and CEO stabilized [73], though, again, the lineshape for f0 was Lorentzian and
relatively broad. In 2008 a similariton Yb:fiber frequency comb was demonstrated with an improved
f0 free-running linewidth of < 10 kHz [154]. Recently a study of the dependance of the f0 linewidth
on the net cavity dispersion was performed and it was found that cavity dispersion closer to zero
provided the smallest free-running f0 linewidths for the laser studied [128]. Yb:fiber combs have
been shown to be quite power scalable, with 80 W of stabilized output demonstrated [147]. Though
typical Yb:fiber fs-laser systems have been operated at repetition rates of ∼100 MHz, a 1 GHz
system has been demonstrated and CEO locked [74], though it has yet to be shown that the high
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repetition rate systems can operate at the same low noise as are possible in the 100 MHz systems.
The advantages of Yb:fiber lasers are similar to Er:fiber and are related to both the direct
diode-pumping and their operation in fiber: compactness, efficiency, cost, ease of use and robustness.
The possible disadvantages are similar to Er:fiber as well. A low-noise, 1 GHz Yb:fiber laser comb
has yet to be demonstrated and the low cavity Q could also be a factor is some measurements. For
this reason, there is still interest in a bulk Yb3+-doped crystal fs-laser as a comb source, which is
the topic of this thesis.
2.5.5 Korougi Combs
The frequency combs discussed so far have been based on stabilized mode-locked lasers.
However, there are other ways of generating a comb of optical frequencies, including the so-called
Kourogi comb, named after one of its principal developers [94, 95]. The comb is generated in
a Fabry-Perot cavity which has an electro-optic modulator (EOM) inside of the cavity which is
modulated at the desired comb spacing. A continuous wave laser at 1550 nm is then coupled into
the cavity and, as it traverses the cavity side-modes are generated at the modulation frequency,
which continues to happen as the light goes around the cavity many times before exiting. The
side-modes must also be modes of the cavity, so the modulation of the EOM and therefore the
spacing of the output comb has to be an integer multiple of the cavity’s free spectral range. A
schematic of a Kourogi comb is shown in figure 2.9. These combs are commercially available, robust,
can be generated at high repetition rates, and their repetition rate is scalable. Although it has
been shown that the outputs at higher harmonics can have lower noise than the input [182], still
the phase noise on the output comb’s repetition rate will be limited by the phase noise on the
modulation freqeuency. For this system it is not possible to transfer the better stability of optical
sources to the entire comb, since the comb is generated by a microwave frequency.
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Figure 2.9: The schematic diagram for a Korougi optical frequency comb generator is shown. The
oscillator which modulates the EOM is typically run at ∼10’s of GHz.
2.5.6 Monolithic Frequency Comb Generation
An exciting new way to generate frequency combs with CW lasers is through through four
wave mixing in high Q microcavities. The is accomplished by coupling CW light into a microcavity
via evanescencent waves from a nearby tapered fiber. With enough coupled power and a high cavity
Q and a small mode size, large nonlinearities can cause a cascading 4-wave mixing effect resulting
in the generation of a frequency comb. The advantage of this type of comb is in the extremely
small size, high efficiency and quite high repetition rate. In 2007 frequency comb generation in
ultra-high-Q monolithic silica toroidal microcavities was first reported in [41] with repetition rates
of 375 GHz–1 THz and optical bandwidths of 380 nm–490 nm. A scanning electron microscope
image of a mirotoroid is shown in figure 2.10, with the schematic for comparing its generated comb
to an Er:fiber comb shown. This comparison showed that the mode spacing is preserved across the
Kerr comb to 7.3× 10−18, referenced to the optical carrier. A fully stabilized 86 GHz comb was
later reported in [39], with the seed CW laser power used to modulate the comb spacing, which was
stabilized to a microwave reference, and the input seed laser frequency used to stabilize the comb
offset. Octave-spanning microtoroidal combs have been demonstrated from 990 nm to 2170 nm at
a CW pump power of 2.5 W with a mode-spacing of 850 GHz [40]. A variety of other work with
frequency comb generation via microresonators has been undertaken, by using resonators in the
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form of rings, highly nonlinear fiber cavities and crystal microtoroids, which can be found in these
references [153, 103, 144, 22].
Figure 2.10: The schematic of a microtoroid parametrically generated comb and an SEM image of
the microcavity, both from [41]
Though this is an exciting new way to generate frequency combs, the ability to transfer the
stability of optical references to the entire comb has yet to be proven. For applications where the
comb stability requirements are not high and the desired repetition rate is >100 GHz, monolithic
frequency combs can be an extremely compact, low cost and efficient frequency comb source. This
field is still in its infancy and is likely to have many future surprises up its sleeves, but for now the
achieved stability of monolithically generated combs has not yet reached the levels of combs based
on mode-locked laser.
2.5.7 Conclusions on comb sources
There are many comb sources being developed, especially in the last few years. However,
there’s definitely room for more work on comb development. Of the many mode-locked lasers
reported in the literature, only a few have been self-referenced and frequency stabilized. To fully
explore the possible comb sources based on frequency stabilized mode-locked lasers, much work is
needed. This case is even stronger now that that researchers in the last 10 years have has shown
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what a useful tool frequency comb is for a wealth of applications, as already in 2.4. In this thesis I
will present my work on the development of a new frequency comb based on a Yb:KYW fs-laser.
2.6 Yb3+-doped bulk solid-state lasers
There has been much interest in solid-state lasers based on Yb3+-doped crystals and glasses,
of which the Yb:fiber lasers already discussed are a subset [72, 96]. For use as a frequency comb,
the advantages of Yb3+-doped crystals and bulk glasses are similar to Yb:fibers: direct diode-
pumping leads to efficiency, compactness, lower power consumption, lower costs and simplicity. The
Yb3+ ion has some distinct advantages as a diode-pumped solid state laser compared to its direct
competitor, Nd3+, which will be discussed later in this section. In addition, as compared to fiber
lasers, Yb3+-doped bulk solid-state lasers offer a relatively simple route towards GHz repetition
rates [180, 136].
Interestingly, Yb3+-doped gain media were ignored for many years as a laser gain medium
because they have narrow pump transitions, so the broad bandwidth flash lamps commonly used to
pump solid-state lasers before the advent of high-brightness near-infrared laser diodes led to poor
quality laser systems. Then, along came the advent of strained layer InGaAs 980 nm laser diodes,
which became commonplace after the telecom boom brought about the large scale commercialization
of Er:fiber optical amplifiers [35]. Suddenly laser scientists were interested in Yb3+-doped lasers
again.
Bulk Yb3+-doped lasers emit typically somewhere in the 1020–1100 nm range, depending
on the host, though more typical ranges are 1030–1060 nm. With the nearby pump wavelength of
∼980 nm, their quantum defect is quite low, which not only helps to increase the optical to optical
efficiency of the laser but also lowers the thermal load on the crystal. Only ∼ 3 kT (for T ∼ 298K)
of energy is deposited in the crystal per photon absorbed at the pump and emitted at ∼ 1050 nm.
Compare this to the typical values for Nd-based crystal lasers of ∼ 12 kT (with 808 nm pump
and 1064 nm laser light) and for Ti:Sapphire of ∼ 34 kT (assuming 532 nm pumping and 850 nm
emission). The lower thermal load means the requirements on the host’s thermal properties are not
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as stringent, so crystal hosts which have other desirable properties but lower thermal conductivity
can be used with great success. So, whereas for Nd3+-doped solid state lasers YAG or YVO4 are
considered good hosts due to their thermal properties, tungstates like the KY(WO4)2, which is
the host used for my thesis research, have become popular hosts for Yb3+because of their other
properties, such as broad emission spectra.
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Figure 2.11: The energy level structure of a Yb3+-doped crystal or glass is shown, along with the
common laser and pump transitions.
Many of the favorable properties of Yb3+-doped gain media are due to their simple energy
level structure. The Yb3+ion has 13 electrons in the 4f -shell, one electron less than a complete
shell, which leads to the simple energy level structure with two J-manifolds shown in figure 2.11.
In a crystal lattice the splitting of the sublevels of the manifold is from the crystal’s electric field
via the Stark effect, with four levels for the ground state manifold and three for the upper state
manifold. The lattice also causes mixing so that an electric dipole transition connects the two
manifolds, which would normally be considered ”forbidden”. The manifolds are separated by a
∼1000 nm transition, whereas the Stark-split energy levels are separated by < kT (Yb:KYW) at
room temperature. The levels within each manifold are thus thermally connected via the Boltzmann
distribution, with phonon transitions connecting the levels to that thermal equilibrium is quickly
reached, so that only the lowest level of the excited state manifold makes a good upper lasing level
ie. with high inversions possible. As shown in the diagram, the 0–0’ transition is driven by a ∼980
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nm pump, so the upper laser level is also the pumped level, making the system look like a 3-level
laser, based on the 0–3’ or 0–4” laser transitions shown. However, the upper levels of the ground
state manifold are thermally populated at equilibrium, so that a laser transition from the lowest
level of the excited state manifold (0’) to one of the upper levels of the ground state manifold (2’ or
3’) has to fight the thermal population of the lower lasing level. This type of energy structure is
called ”quasi-3-level”. For this reason, although the thermal load on the crystals are low because of
the low quantum defect, it can still be important to cool crystals if they are pumped strongly. In
addition, some re-absorption of the laser light occurs due to this thermal population, causing higher
thresholds than would be the case for an actual 3-level laser.
A positive consequence of the simple energy structure of Yb3+-doped gain media is the lack of
a nearby higher energy level for excited state absorption. Another higher level energy process that
is avoided by Yb3+is concentration quenching, where two nearby excited ions interact and exchange
energy, leading to one ion in the ground state and one in an upper excited state. Since concentration
quenching isn’t an issue, Yb3+-doped crystals are often doped at much higher concentrations than
typical in other solid state laser gain media, for example, my Yb3+:KY(WO4)2 laser crystal was 10
atomic % doped. High doping can be quite an advantage for high power thin disk laser designs
[66]. One more interesting property of Yb3+-doped crystals is their long upper state lifetimes, for
example, Yb3+:KY(WO4)2 has a fluorescence lifetime of 0.3 ms, which can be an advantage for
their use in regenerative amplifiers [72].
Yb3+-doped crystals tend to have broader emission spectra then their Nd3+-doped counter-
parts, so that means for the same short pulses, a crystal host to Yb3+can support a similar lasing
bandwidth to a glass Nd3+ host, which means even better thermal properties. This combined with
the lower quantum defect makes them attractive for high power, short pulse fs-laser sources at 1 µm.
A wealth of Yb3+-doped bulk gain media have been reported in the last decade or two, with
various properties that differentiate themselves. These references discuss the different crystals
and their possible advantages and disadvantages [20, 96], but since then even more Yb3+-doped
laser gain media have been reported. It is outside of the scope of this thesis to discuss all of the
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different options of even just Yb3+-doped crystal gain media, as I know of at least 17 without even
searching diligently. For this thesis I will focus on the popular Yb3+-doped tungstates for frequency
comb stabilization of the mode-locked output. There is definitely room for more research into this
field, with the option of stabilizing any of these Yb3+-doped systems. But for now let us focus on
Yb3+:KY(WO4)2, or, as it is often called, Yb:KYW.
2.6.1 Yb3+-doped Tungstate Crystals
Figure 2.12: The room temperature polarized absorption and emission spectra for various orientation
of the Yb:KYW crystal
Though I will mostly discuss Yb:KYW because it is the laser crystal I used for my thesis
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work, Yb:KGW has similar properties. Figure 2.12 shows the room temperature absorption and
emission spectra for different polarization orientation of the Yb:KYW crystal, doped at 5 at. % from
[98]. For the E‖a orientation there is a very strong ∼ 980 nm absorption line with strong emission
near 1025 nm. This small quantum defect and high absorption and emission cross sections make
Yb:KYW an attractive option for laser operation. Additionally, the width of the 1025 nm emission
peak is 16 nm at room temperature, a relatively broad peak. It’s high emission cross-section leads
to reduced Q-switching instabilities in passive mode-locking. These properties make the Yb:KYW
laser crystal ideal for high efficiency passive mode-locking.
The KYW (KGW) crystal is a monoclinic double tungstate which can be doped with Yb3+,
with the Yb replacing the Y (G) in the crystal structure. Since the replaced ions and Yb3+have a
similar radius these crystals can be highly doped without strongly distorting the crystal’s shape.
For example, even stoichiometric KYW, ie. KYbW can be made [138], though it is not clear that it
is a useful laser crystal.
The KYW host has a biaxial optical indicatrix due to the crystal structure, with axes Ng, Nm
and Np, where ng > nm > np. The lattice type also causes the optical axes and the crystallographic
axes to be at different angles, except for the symmetry axis, with b‖Np for KYW, with the relative
orientation of the axes as shown in figure 2.13. Table 2.2 lists some basic properties of KYW
and Yb:KYW from the literature. Two space groups have been used in the literature, so that is
important to keep in mind when comparing across the literature. See the reference listed for the
lattice constants for information on how to convert between I2/c and C2/c space groups. The
manufacturer of the Yb:KYW crystal to be used in this thesis work used the I2/c space group,
which is what is listed and shown in the figure.
2.6.2 Review on Yb:KYW Literature
The first report on a CW Yb:KYW laser was by Kuleshov et. al. in 1997 with Ti:Sapphire
pumping, though at the time it was recognized that the attraction of Yb:KYW was for it’s possibility
of diode-pumping [97]. Later that same year Kuleshov et. al. reported a pulsed Yb:KYW laser by
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Figure 2.13: The orientations of the crystallographic axes in comparison to the optical indicatrix
axes for the KYW crystal is shown, with data from [18]. Note that the axes are for the I2/c space
group, whereas some of the literature uses the C2/c space group. The b and Np axes are out of the
page.
pumping with a pulsed Ti:Sapphire [98]. Those pulses weren’t any shorter than the pump pulses of
30 ns, but the slope-efficiency of the pulsed system was an impressive 86.9%. Clearly this crystal
was already showing its use as high optical-optical efficiency pulsed laser.
In 2000 the nonlinear refractive index of Yb:KYW was measured and found to be quite large
[188], adding more motivation to the pursuit of a Kerr-lens mode-locked Yb:KYW laser. In 2001 the
first diode-pumped mode-locked Yb:KYW laser was reported by Liu et. al., which used Kerr-lens
mode-locking combined with E‖b operation, with its broader emission spectra (see figure 2.12), to
obtain 71 fs pulses at 1057 nm with 120 mW output power at 110 MHz [105, 106]. The laser was
pumped by two 1.6 Watt single-stripe laser diodes emitting at 940 nm. Soon after, in 2002, Klopp
and colleagues reported the first Yb:KYW fs-laser mode-locked using a SESAM [91], utilizing E‖Nm
operation, achieving 101 fs long pulses at 1046 nm. The pump power of 1.1 W from a tapered diode
laser gave an output power of 100 mW at 95 MHz, a much improved efficiency compared to [106].
Also in 2002, the first thin disk Yb:KYW fs-laser was reported, with 240 fs pulses at 1028
nm, 22 Watts of average power from 100 Watt of pump power, and at a repetition rate of 25 MHz
[25]. This paper paved the way for more work on high-power Yb:KYW fs-lasers. On the other
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Lattice Constants a = 8.05 A˚, b = 10.35 A˚, c = 7.54 A˚ and β = 94◦ KYW in I2/c [18]
Pump Absorption (E‖a) λp = 981.2 nm, ∆λp = 3.5 nm, σp = 1.33× 10−19 cm2 [98]
Stimulated Emission Peak (E‖a) λe = 1025 nm, ∆λe = 16 nm at 20◦C, σe = 3.2× 10−20 cm2 [98]
Fluorescence Lifetime 0.3 ms
Excited state (2F5/2) energies 10187 cm−1, 10490 cm−1, 10728 cm−1 [113]
Ground state (2F7/2) energies 0 cm−1, 168 cm−1, 438 cm−1, 555 cm−1 [113]
Thermal Conductivity 2.7 W/(m K) at 298 K [1] (KYW)
Nonlinear index n2 8.7× 10−16cm2/W [188]
Table 2.2: This table lists the properties of the KYW crystal host and the Yb:KYW crystal.
hand, in 2004 Lagatsky et. at. reported a low threshold, compact and efficient Yb:KYW Kerr lens
mode-locked fs-laser at 294 MHz [99]. The crystal was operated in E‖Nm orientation and pumped
by 250 mW of pump power to give 126 mW of average output power, an optical to optical efficiency
of ∼50%! The pulses of 107 fs were centered at 1056 nm.
There has been much work on Yb:KYW lasers since then, with the highlights most relevant
to comb stabilization being the reporting of a GHz Kerr-lens mode-locked Yb:KYW fs-laser in 2009
[180] and a SESAM mode locked version in 2010 [136]. In this thesis work my stabilization results
were all measured with a ∼200 MHz Yb:KYW SESAM mode-locked fs-laser, but, assuming the
noise processes stay similar as the cavity length is decreased, this work could lay the ground for a
future GHz Yb:KYW fs-laser frequency comb.
Chapter 3
The SESAM mode-locked Yb:KYW fs-laser
As described in chapter 2, there are two common techniques to passively mode-lock free-space
solid-state lasers: with a SESAM or with KLM. In this chapter I will describe the development a
SESAM mode-locked Yb:KYW fs-laser. This laser system was partially based on previous work
reviewed in chapter 2.6.2. The objectives for this laser system were high repetition rate, short pulse
length, high efficiency and low free-running noise. In this chapter I will describe the details on the
design and characterization of the fs-laser used for most of this thesis. This chapter will also contain
descriptions of various laser configurations and improvements to the laser that were made along the
way, in addition to some of the limitations of the current system.
3.1 Cavity Geometry and Optics
The laser system that eventually became a fully-stabilized comb was a 160–190 MHz, diode-
pumped Yb:KYW solid-state femtosecond laser, shown schematically in figure 3.1, with several
variations on the same general cavity design. The femtosecond oscillator used a modified x-fold
cavity with two R = 5 cm focusing mirrors (M1 and M2 in figure 3.1). An x-fold cavity configuration
allows for a circular output laser beam as the astigmatism from the cavity mode propagating through
the crystal at Brewster’s angle is compensated by the astigmatism which occurs when the cavity
mode reflected off of two curved mirrors at small angles [92]. This is a common cavity set-up for
fs-lasers because it minimizes reflection losses at the crystal surfaces without an anti-reflective
coating on the crystal. Brewster angle losses are theoretically zero, whereas AR coats are not. This
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cavity geometry forces the laser output polarization to be linear and parallel to the optics table as
it comes out of the output coupler.
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Figure 3.1: Here are schematic diagrams for the optical set-up of different Yb:KYW laser sys-
tems investigated. OC=output coupler, SESAM=semiconductor saturable absorbing mirror,
PM=polarization maintaining fiber
In one arm of the laser a mirror with larger radius, M3, focused the cavity mode onto a
semiconductor saturable absorbing mirror (SESAM) which functioned as an end mirror and also
initiated and stabilized mode-locking, as described in chapter 2. Attached to the back of M3 was
a piezoelectric transducer (PZT) element which was itself attached to a large piece of lead. The
single PZT allows relatively high bandwidth control of the cavity length, which was needed to lock
the comb output. Two SF10 Brewster prisms (P1 and P2) in the second arm provided dispersion
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System M1 and M2 M3 SESAM M4 OC
0 Ekspla, R=5 cm Ekspla, R=10 cm 2 -250 fs2 2.5%
1 Ekspla, R=5 cm Layertec, R=20 cm 2 -250 fs2 5%
2 Ekspla, R=5 cm Layertec, R=20 cm + M5=REO flat 2 -250 fs2 5%
3 REO, R=5 cm REO, R=20 cm 2 -375 fs2 5%
4 REO R=5 cm REO, R=25 4 -375 fs2 5%
5 REO R=5 cm REO, R=20 2 -375 fs2 10%
Table 3.1: This table lists the different system configurations with laser results to be presented in
this chapter. The systems which were useful for comb stabilization are system 1, 2 and 3. Data for
the optics listed are given in appendix C
compensation with the output coupler (OC) as the end mirror in this arm. A Gire-Tournois
Interferometer (GTI) mirror (M4) provided extra negative dispersion and was used as a folding
mirror in this same arm. The cavity dispersion will be discussed in more detail later in section 3.6.
Table 3.1 lists different system optics configurations used in combination with the schematics
shown in figure 3.1. Two differently coated M1 and M2 and M3 mirrors were used in various
systems. One set was made by Ekspla and purchased in 2005, which didn’t have a flat dispersion
in the 1030–1040 nm range, as shown in figure 3.2, and provided ∼90% pump transmission at the
angle we used them (the transmission shown is for normal incidence). We had a custom set of
chirped mirrors made by REO that had a flatter, slightly negative dispersion (GDD∼ 50fs2) and
also had high transmission of >95%. The loss for these mirrors was ∼0.034%. Unfortunately, it
took several rounds of coating runs before a set with the pump transmission window centered at
the right wavelength was produced, and even then the results weren’t consistent. But the few that
provided a much improved pump transmission window were included in the cavity. The GTI mirrors
and OC’s were purchased from Layertec. Transmission and GDD curves for the optics used are in
appendix C.
One advantage of this SESAM mode-locked system was that it is self-starting. Moreover, even
without significant attention given to engineering details, the laser operated reliably over extended
periods (weeks) without the need for alignment. The laser optics were held by stainless steel optics
mounts with one inch diameter stainless steel pedestals mounted to the optics table. The laser
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Figure 3.2: Transmission and GDD data for two different M1 and M2 mirrors used, from Ekspla
and REO.
beam height was 2 inches above the optical table. Tall beam heights and unstable optomechanics
cause excess noise that it is best to avoid, as the optomechanical stability of the cavity is vitally
important for frequency combs. In addition a box around the laser isolated the system from air flow
for the purposes of locking. A picture of the laser system is shown in figure 3.3
3.2 The Yb:KYW crystal
The gain medium in the laser was a 10-at. %, 1 mm long Yb:KYW crystal with a 4x4 mm
square face which was cut for a Brewster angle of incidence into the crystal with the pump and
laser fields being polarized parallel to the ”a” crystal axis (E‖a). See figure 2.12 for the absorption
and emission spectra of the crystal. 1 The E‖a polarization orientation has about 5× higher peak
absorption cross-section for the 980 nm pump used in our system as the E‖b orientation, which
was why that cut on the crystal was chosen. Additionally, the emission cross sections are higher for
E‖a than for the other two polarization axes. This choice sacrificed possible emission bandwidth
1 Recall from section 2.6.1 that the crystal a, b and c axes and the optical indicatrix axes Nm, Np and Ng are
not parallel in this crystal, so this cut is not perfect. This is a common choice by the manufacturer of these crystals.
Using a crystal cut for the optical indicatrix axis could improve the laser performance somewhat.
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Figure 3.3: A picture of the laser with the path of the laser cavity traced out in red lines and the
pump paths traces out in blue lines. The purpose of the other optical elements shown in the picture
will be explained in the next chapter.
for higher output powers, since the E‖b orientation has broader emission bandwidth and has been
found to emit pulses as short as 71 fs [105]. For this system we wanted lower power consumption
and high efficiency, so we didn’t experiment with the E‖b orientation. In the future, if one uses
higher power pump diodes than the 600 mW ones from this laser, to be described in section 3.3, the
E‖b alignment could be promising for further reducing the emitted pulse lengths of the mode-locked
laser. With the 600 mW pumps the absorption by the crystal in one pass for the cold cavity was
∼ 98%, which seemed to be a good amount of absorption, especially when the crystal was pumped
from both sides. For one pump we found that too much absorption would leave one side of the
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crystal without enough inversion.
Figure 3.4 shows the final iteration of the crystal mount for the Yb:KYW crystal. Indium
foil lay between the front face of the crystal and the mount. A plastic piece, which is shown in the
figure, pressed the crystal into the indium foil and mount to hold it in place so that the crystal
could make thermal contact through the indium to the copper mount. The mount also held the
crystal so that if the beam came in parallel to the large square part of the mount it would enter
the crystal at Brewster’s angle. One challenge in the design of the crystal mount was the small
angle of incidence (∼6 degrees) for the curved mirrors determined by astigmatism compensation
of the thin crystal. This small angle meant that it was hard to ensure a free-path for the beam
without clipping on the mounts for M1 and M2. In addition, the crystal is small and quite fragile,
as discovered with a previous crystal mount design which pressed down on the top of the crystal.
The pressure on the top of the crystal caused it to crack into several pieces. Also, it was important
to ensure that the normal to the crystal face was parallel to the optics table surface. When the
crystal was held by pressing down lightly from above in order to prevent breaking the crystal, the
thin crystal’s optical surface was titled slightly in the up-down direction. Making thermal contact
on the large crystal face was better for holding the crystal at the right angle, could allow more
pressure to be applied and also allowed a larger surface area for heat removal by the copper.
The crystal was not actively cooled, although cooling could theoretically lead to higher
inversions in the gain medium because of the quasi-3-level energy diagram (see section 2.6). In
practice, cooling the crystal gave <10% more average power, ie. not really worth the effort. In
systems with many watts of pump power, cooling the crystal could make a much larger difference or
could even be required to maintain lasing.
3.3 Pump Laser Diodes and Set-up
Two butterfly-mounted laser diodes pumped the crystal from both sides. Figure 3.5 is a
picture of one of the pump diodes, showing the mounting and the relative size of the laser diode
in comparison to a penny. These standard telecom laser diodes (from EM4) come coupled into
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Figure 3.4: The crystal mount.
polarization maintaining (PM) fiber with a fiber Bragg grating for wavelength stabilization. Each
pump is rated for 600 mW of output power with about one Amp of current. These pump lasers
were, at the time of purchase, the highest output power 980 nm pump diodes available that were
PM coupled and FBG stabilized. Figure 3.6 shows the power as a function of current for the pump
lasers.
The pump diodes were powered by an ILX Lightwave LDC-3900 4-channel laser diode
controller. An LCM-39437 module, which is a combination current source and TEC controller that
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Figure 3.5: One of the pump laser diodes used to pump the Yb:KYW laser, with a penny shown as
a size reference.
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Figure 3.6: This graph shows the output power verses current of the pump laser diodes used to
pump the Yb:KYW laser.
fits into one of the slots (channels) in the back of the controller, powered each of the pump diodes
used in this system. The stated modulation bandwidth (3dB) for modulation of the current from
this controller is 200 kHz. This was an improvement compared to the controller used previously,
which was a Thorlabs LDC220C, limited to a 3 dB current modulation bandwidth of 50 kHz. Since
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input modulation to the current controller was used to modulate the CEO frequency of the comb
system, it was important to not be limited by the modulation bandwidth of the controller. Details
of what the improved current modulation bandwidth did for the resulting locked CEO frequency
will be discussed in more detail in chapter 4.
Figure 3.7 shows the front and back view of the laser diode driver. The controller modules
can output up to one Amp of current and also control the TEC, so four laser diodes could be run
simultaneously with one LDC-3900 of dimensions 5.625” x 16.75” x 13.625” (145mm x 426mm x
346mm). In addition, the noise characteristics of this controller were an improvement over the
Thorlabs model. Any source of relative intensity noise (RIN) on the fs-laser causes noise on the
CEO frequency, which is why preventing and reducing any known sources of RIN was important in
the laser development. Details on the RIN of the fs-laser will be presented in chapter 4.
Figure 3.7: This figure shows the front and back view of the laser diode driver used to power
the pump lasers, shown with two modules in the back along with two open slots. Images from
http://www.ilxlightwave.com/.
The pump diode fibers were both terminated by FC/APC connectors (ferrule connector with
an angle polished cleave) which provide long-term stability and makes it quite easy to change the
pump when one of the pumps needs to be changed, though this has yet to be a requirement for us.
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The pump fiber’s FC/APC connector was attached to a fixed aspheric lens collimator (Thorlabs,
F220APC-CUSTOM, aligned for 980 nm with f=11.17 mm, NA=0.25). An f=5 cm achromatic lens
focused the collimated light through M1 (and M2) into the crystal. The cavity geometry requires
p-polarized pump light for maximum absorption of the pump. Though single mode fiber gives a
linearly polarized output, the direction of the polarization drifts with environmental changes or
when the fiber is moved, whereas PM fiber maintains the polarization, allowing long term alignment
of the pump polarization. The fiber Bragg grating stabilized and narrowed the pump’s output
wavelength, so that it remained centered on the narrow absorption peak of the crystal. Without the
fiber Bragg grating there would likely be more noise in the pumping process, thus leading to more
RIN on the laser’s output power.
Low pump laser RIN is the foundation for low RIN in the fs-laser output. However, RIN in
the fs-laser output could also be the result of unstable pump wavelength. Furthermore, unstable
pump wavelength could be an especially detrimental problem in a Yb:KYW laser because the
absorption line pumped by the 980 nm pump is quite narrow (∼3.5 nm). Slight changes in the
center wavelength of the pump laser, even if the pump output power remains constant, will change
the effective pumping rate of the laser crystal. Figure 3.8 (a) shows the typical spectrum of one of
the pump laser diodes as the current increased. Interestingly, the pumps sometimes switch between
two spectral shapes, one much narrower than the other, with examples of the two types of spectra
in figure 3.8 (b). The switch to the narrower spectrum happened mostly when the pump was at
lower current values or when the pump laser had just been turned on and not allowed to run for
awhile and equilibrate. For this reason, the pump laser current was kept close to one Amp for stable
pumping of the fs-laser.
In recent years higher power 980 nm pump diodes have become available with up to 100
Watts of output power in a multimode fiber (50-200 µm core size). However, for comb purposes,
the smaller power, single transverse mode telecom pump diodes are most likely superior for several
reasons. Firstly, as evident in figure 3.9, the multi-mode pump diodes have higher levels of RIN
than the PM pump diodes used for the Yb:KYW fs-laser. Secondly, shortening the cavity means
49
Figure 3.8: Figure (a) shows the spectrum of the pump output as the pump current increased.
Figure (b) shows the two types of spectra sometimes seen intermittently.
smaller laser waist at the crystal, so a diffraction-limited pump is ideal for better pump and cavity
mode overlap. Thirdly, polarization noise and mode-coupling noise inherent to multi transverse
mode pumping would likely be detrimental to the stabilization process. Also, the output spectrum
of multi-mode pump sources is generally not as narrow as FBG stabilized pump diodes, adding more
possible sources of RIN. Presently I am unaware of a free-space fs-laser pumped by a multimode
pump that has been CEO stabilized.
Recently a distributed Bragg reflector tapered diode-laser was implemented as a pump diode
for a GHz Yb:KGW fs-laser. These can give a much higher output power in a single longitudinal
mode with good beam quality, as presented in [136]. This type of pump laser could be promising
for future improvements to Yb:KYW or other Yb3+-doped crystal combs, but these pumps were
not available during most of my thesis research.
Between system 2 and system 3 in figure 3.1 isolators were added between the pump collimation
lenses and the laser, as without them cross-talk between the two pump beams entering the crystal
opposite one another was evident when both pumps were both aligned well. To fix this for systems
1 and 2, the pump beams were slightly misaligned. However, with the addition of high transmission
isolators the two pump beams were could be aligned properly.
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Figure 3.9: This figures shows the RIN of the EM4 PM coupled, FBG stabilized pump diode
compared to the RIN of two different multi-mode coupled laser diodes.
3.4 CW Tuning Curve of the Laser
With a flat mirror in place of the SESAM, a CW tuning curve of system 1 was taken by
inserting a razor blade on a translation stage between the output coupler and the last prism, so
that by tuning the translation stage, the center wavelength could be adjusted. Some of the output
light was split off and coupled into a single-mode fiber which coupled light into an optical spectrum
analyzer to measure the wavelength, while the remainder of the light was used to measure the output
power. Figure 3.10 shows the resulting power verses wavelength curve. Interesting features are the
peak at 1035 nm and the relatively flat region from 1040 nm to 1053 nm. The tuning was relatively
smooth except for between 1041 nm and 1043.5 nm, where the laser did not stay in between those
two wavelengths, but was actually quite noisy. The exact source of this behavior is unknown, but it
could explain some of the strange behavior observed in the turning curve of the mode-locked system,
which will be described later in section 3.9.2.
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Figure 3.10: CW turning curve for the laser when the SESAM is replaced with a flat mirror.
3.5 SESAM mode-locking Yb:KYW
A variety of SESAM’s from Batop GmbH with different saturation parameters, which affect
the reflectivity as described in 2.2.2 were purchased and experimented with in the laser, as listed
in table 3.2. Important parameters are the saturation fluence, the modulation depth and the
non-saturable loss. The small signal loss is Asmallsig = Ans + ∆R. Under ideal circumstances one
would use trial and error to design or find the optimal SESAM for the laser. Different SESAMs
would be made and modified until an appropriate one for the laser is found. Colleagues and personal
experience have informed me that SESAM properties can change from one batch to another even
when the same processing is attempted. This was seen with the commercial SESAM’s use in the
described Yb:KYW laser; even though two SESAM’s purchased from BATOP both had the same
stated parameters from the manufacturer, one performed quite well in the laser, allowing stable
mode-locking and the ability to lock the comb output of the laser, while the other led to unstable
fs-laser behavior which could not be CEO locked.
The systems which eventually were stabilized (systems 1, 2 and 3) used SESAM 2, with the
parameters given and with a relaxation time constant of ∼ 500 fs. There is a slower relaxation
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SESAM Center λ Absorption Modulation Depth Saturation Fluence
1 1030 nm 1% 0.5% 90 µJ/cm2
2 1030 nm 2% 1.2% 70 µJ/cm2
3 1064 nm 3% 1.6% 50 µJ/cm2
4 1045 nm 2% 1.2% 70 µJ/cm2
Table 3.2: This table lists the properties of the various SESAM’s used to find a good laser optics
set-up.
time of several ps as well, but the main recovery is in the first 500 fs after the power is removed.
So, actually, this absorber is not exactly a slow saturable absorber compared to the pulse lengths
that were obtained with it, since the pulse lengths were ∼100’s of fs. The SESAM was attached
to a stainless steel mount with thermally conductive epoxy. Figure 3.11 shows the small signal
absorption of SESAM 2. Remember from 2.2.2 that two photon absorption causes a rollover in
the SESAM reflectivity at values of the saturation parameter (pulse fluence/saturation fluence).
Figure 3.12 shows data on the reflectivity verses pulse fluence of another SESAM from Batop. The
measured SESAM has a much higher absorption than my SESAM, but it is difficult to accurately
measure the TPA from SAM’s with such low absorption. However, since the saturable absorber
measured is a multiple quantum well absorber, made up of several of the single quantum wells that
are the same as my SESAM, the behavior is likely similar.
3.6 Dispersion of the cavity and Soliton Mode-locking
A pair of Brewster-cut SF10 isosceles prisms separated by 39.5 cm, purchased from CVI-Melles
Griot, provided the largest source of negative GDD in the laser cavity. The equation presented
in appendix A for the resulting GDD from going through the prisms along with the Sellemeier
equation and coefficients for SF10 glass allows the GDD from the prisms in one cavity round trip to
be calculated, with figure 3.13(a) showing the GDD as a function of prism separation for several
values of glass length, with an arrow pointing to typical range for fs-laser operation. The Sellmeier
equation used was:
n(λ)2 = 1 +
B1λ
2
λ2 − C1 +
B2λ
2
λ2 − C2 +
B3λ
2
λ2 − C3
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Figure 3.11: The small-signal absorption of the SESAM used in our laser. Data provided by
manufacturer Batop GmBH.
with the following coefficients, from CVI Melles Griot.
B1 = 1.61625977 µm−2 B2 = 0.259229334 µm−2 B3 = 1.07762317 µm−2
C1 = 0.0127534559 µm2 C2 = 0.0581983954 µm2 C3 = 116.607680 µm2
The total glass length for the two prisms was generally made as small as possible, usually
about 3 mm, so the prisms added about -3500 fs2 of GDD. When experimenting with different laser
configurations, the prism glass insertion was changed, but for system 1, 2 and 3, the prism insertion
was kept minimal. The GTI mirror added another -500– -750 fs2. Additionally, for system 2 from
table 3.1, M3 was an REO ∼ - 50 fs2 chirped mirror, and system 3 used REO mirrors for M1, M2
and M3, which added another -100– -300 fs2 of GDD. The dispersion of the crystal will be discussed
in more detail in chapter 5, but in this system we can assume it is around 200 fs2/mm, so the 1 mm
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Figure 3.12: The reflectivity as a function of input pulse energy of a muli-quantum well SESAM
from BATOP, showing the characteristic rollover of TPA. Note that the design of the quantum well
and the barriers for this MQW absorber is the same as for single quantum well absorbers, such as
the one in my laser. Data provided by Batop.
crystal added about 400 fs2 to the net GDD, making the total net GDD for the various systems 1,
2, and 3 in the range of -3600– -4150 fs2. For systems 4 and 5 the prism insertion was more.
As discussed in 2.2, for soliton mode-locking stabilized by a slow saturable absorber the
pulses should follow equation 2.6. Figure 3.13 shows the relevant regime of soliton operation for
this laser system, plotting different parameters. Figure 3.13(b) shows the effect of tuning the net
cavity GDD towards zero dispersion as all other variables are held constant, with (c) showing the
corresponding pulse bandwidth. The pulse length decreases linearly with decreasing |GDD|, with a
slope depending on the pulse energy and the amount of SPM. In addition, figure 3.13(c) shows the
pulse length verses average power for this laser system at several common values for the net cavity
GDD, exemplifying that increasing the output power can also decrease the pulse length, assuming
all other variables are constant. Unfortunately, in this system, everything else was not held constant
because as the pulse bandwidth increased, the laser would start to emit multiple pulses, which will
be discussed in section 3.7.
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Figure 3.13: (a) shows the GDD of the prisms as a function of separation, for several values of the
prism glass insertion. The arrow points to the distance used for the Yb:KYW and the insertion used
in the stabilized lasers. (b) shows the soliton pulse length as a function of net cavity —GDD— for
values of the pulse energy and SPM coefficient (calculated based on a theoretical waist from ABCD
cavity analysis) that were typical for the fs-laser. (c) shows the spectral bandwidth resulting from
that pulse with, while (c) shows the pulse length verses average power for several typical values for
the net cavity GDD. The highlighted boxes indicate the regions of interest for this Yb:KYW fs-laser.
3.7 Exploring the multiple pulsing behavior
As already alluded to, decreasing the pulse length of the laser by tuning the net cavity
dispersion closer to zero or increasing the output power ran into the limit of multiple pulsing. In fact,
in systems 1–5 as the laser was tuned from the single-pulsing regime towards shorter pulse lengths,
first a CW-spike appeared in the laser spectrum. The CW spike was followed by the single pulse
splitting into two pulses. The two pulses traveled around the cavity with a fixed time separation.
Tuning the dispersion even further then caused the onset of triple pulsing.
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This regime of operation of this laser was explored in detail with system 0, described and
shown schematically back in section 3.1. The main differences were less output coupling and a
smaller radius for M3, resulting in a higher pulse fluence on the SESAM compared to the other
systems. For this measurement the pump power was tuned rather than the prism insertion. Tuning
the power had a similar overall effect on the laser dynamics as tuning the dispersion closer toward
zero, ie. it lead to the onset of multiple pulsing, though we know from figure 3.13 that they have
different functional effects on the pulse length. The pulse length of a soliton is inversely proportional
to the average output power, not linear like —GDD—. However, power was easier to measure and
control than GDD. The laser’s output optical spectrum, power and pulse length were measured as
the pump current was varied. An intensity autocorrelator measured the pulse length of the laser. In
the set-up used for these measurements the laser went directly from single pulsing to double pulsing
without the appearance of a CW spike, which simplified interpretation of the data.
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Figure 3.14: Intensity autocorrelation traces of laser pulses with fits of center peak assuming a sech2
pulse shape for various modes of operation: (a)single pulsing (b)single fat pulse from hysteresis
(c)unstable double pulsing (d)double pulsing (e) triple pulsing approached from lower powers (f)
triple pulsing approached from higher powers
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Figure 3.14 shows some characteristic autocorrelation traces from various points in the power
tuning range and figure 3.15 shows the FWHM of the laser’s optical spectrum and pulse length verses
laser output power. The pulse length stated was calculated from a fit of the central autocorrelation
peak assuming a sech2 pulse shape. A simplifying assumption for the fitting was that the multiple
pulses are identical. As you can probably tell from figure 3.14 (e), this assumption was not perfect
for all of the triple pulsing autocorrelation traces. However, the results from the fits still show how
the average pulse length varied with power.
One interesting feature in the laser dynamics was the strong hysteresis in the behavior of the
pulses. If approached from lower output powers, the laser transitioned from single to double pulsing.
Conversely, if approached from higher powers, the laser stayed in the double pulsing regime longer
and sometimes first went into a mode with a single, longer pulse (3.14(b)) before then going back
down to a shorter single pulse. It also occasionally first went into an unstable double pulsing regime
before going to the the single pulsing regime, as shown in figure 3.14(c). In the stable double pulsing
regime the two pulses were close in amplitude, since the side peaks of the autocorrelation traces
have half the amplitude of the middle peaks, as seen in figure 3.14(d). Another interesting feature
of the hysteresis was in the triple pulsing behavior. When triple pulsing was approached from lower
powers, there were three different pulses, with two close together and one farther apart as seen
in figure 3.14(e). However, when approached from higher powers, the laser had three equidistant
pulses of similar amplitude, as seen in figure 3.14(f). Figure 3.15 shows the hysteresis behavior of
both the pulse bandwidth and pulse length as the laser output power was changed, with the above
mentioned behavior shown.
The multiple pulsing behavior observed, except for the transitional points mentioned above,
was quite stable over the time period of the measurements and involved two or more solitons
traversing the cavity maintaining a steady time delay between them. The time delay between
the solitons was 5-10 picoseconds, except that the two close pulses during some triple pulsing
behavior were ∼2 picoseconds apart. For comparison, the round-trip time for this cavity was several
nanoseconds, the pulse lengths were 100’s of femtoseconds and the SESAM recovery time stated by
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Figure 3.15: These figures exemplify the hysteresis in the (a)FWHM and (b) pulse length as a
function of laser output power. The pulses were tunable along the single, triple and double pulsing
regimes, but hysteresis was seen in the transitions between these different modes of operation.
the manufacturer is 500 fs. Thus, the solitons were quite close together on the time scale of one
cavity round trip, but they were far apart compared to their pulse length and the main SESAM
recovery time. However, since the SESAM does have a longer recovery time of several picoseconds,
the closer-together triple pulses were close enough for the second pulse to experience less loss at the
SESAM because the saturation hadn’t fully recovered.
This type of multiple pulsing behavior has been reported in the literature for Yb:KGW in
[135]. The authors observed stable double pulsing with a separation of ∼1 ps as they tuned the
GDD toward zero, though they did not find stable triple pulsing. The existence and characteristics
of multi-soliton modes of operation in lasers passively mode-locked by slow saturable absorbers
like SESAMs were theoretically presented in [158] and experimentally verified in Ti:Sapphire in
[101]. Intuitively, the pulse breaks up into two pulses if the loss for two pulses is less than the loss
for a single pulse. Two longer pulses have a narrower spectrum than a single, shorter pulse and
thus experience less loss due to the finite gain bandwidth (gain filtering). Recall from the SESAM
discussion and reflectivity plots from 2.2.2 that, if the absorber is already highly saturated by a
single pulse, then the two pulses will not experience much more absorber loss than the single pulse
did, since the reflectivity as a function of pulse fluence flattens out at higher pulse fluence values,
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eventually turning over to a negative slope when TPA is present. Thus, when the net loss from
the relative gain filtering of one narrow pulse is more than the net loss of two pulses with half the
fluence, the pulse splits up.
In [158], multisoliton regimes of passively mode-locked lasers were simulated. In the simulations
it was found that two different types of double pulsing behavior occur, symmetric and asymmetric.
In the symmetric case, the two pulses are separated by many times the saturable absorber recovery
time, which seems to be the behavior observed in figure 3.14(d). For the asymmetric case, the two
pulses have different amplitudes and pulse widths and a much shorter shorter separation. For triple
pulsing two stable operation regimes were found. Either all three pulses were symmetric or two
pulses were symmetric and the third was close to one of the pulses in the pair. This result is similar
to the behavior observed in the Yb:KYW laser, though it is uncertain if two of the peaks were
identical or not.
Another factor to consider in this multiple pulsing dynamics is the inverse saturable absorption
of the SESAM due to two-photon absorption (TPA), which can affect the multiple pulsing behavior.
In the literature, the presence of TPA in SESAMs was measured in [169]. In [155] the author’s
analyze theoretically the affect of TPA on mode-locking behavior. One interesting feature of their
results relates to the laser’s stability against Q-switching, where an Q-switched envelope with ∼ kHz
frequency modulated the peak intensity of the pulses, as opposed to CW mode-locking, with the
peak intensity of the pulses stays basically the same. Schibli et. al. found that the minimum power
required for CW mode-locking, instead of Q-switched mode-locking, decreased in the presence of
TPA. Unfortunately, the pulse energy which could be maintained in a single pulse at a fixed round
trip GDD was lowered.
TPA was probably a factor in these measurements, since the pulse fluence on the saturable
absorber was high, with 6.4 times the saturation fluence of the SESAM before it went into double
pulsing. Additionally, when the Yb:KYW laser was mode-locked, blue light was emitted from the
laser beam location on the surface of the SESAM, implying there were some multi-photon processes
taking place. It is recommended to have a pulse fluence of 3 times the saturation fluence to obtain
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the shortest pulses while avoiding Q-switching and multiple pulsing by [134], which was the route
taken to obtain shorter pulses.
3.8 Systems that ”almost” worked
In an attempt to achieve shorter output pulses, a quick survey was performed to find out
what combinations of the available optics would lead to stable single pulsing behavior with shorter
output pulses. Of the 18 combinations of SESAMS, OC percentages and M3 radii, only a few gave
stable single pulsing behavior without any Q-switching instability, which are the systems presented
in section 3.1. Systems 1–3 were the configurations that were stable enough to be CEO lockable. In
this section I will present some results on alternative systems that were found to be too unstable.
Figure 3.16 shows the saturation parameter as a function of average output power for the
various systems tested, with the highlighted regions showing the power range where they were
single pulsing. From the graph it seems clear that there is not a ”perfect” value of the saturation
parameter, since mode-locking with single pulses occurs at a variety of pulse lengths. The single-
pulsing bandwidth is given in parenthesis, showing that the pulse bandwidth could be improved by
almost a factor of 1.5 (system 0 compared to system 4), and the average power could be increased
without changing the pulse bandwidth (systems 1–3 compared to system 5). Unfortunately, the
higher average power and higher pulse bandwidth systems did not give stable enough mode-locking
for f0 detection and locking, which is necessary for comb stabilization.
System 4 gave single, shorter pulses, but this was on top of a CW background. The pulse
length of the pulses was measured with intensity autocorrelation and found that the pulses were
210 fs, which is not bad. Unfortunately, getting rid of the CW spike in the spectrum, which is
an indication that I was still too close to the double-pulsing regime, since the CW spike tends
to come right before the onset of multiple pulsing. Changing the prism insertion, changing the
distance between the prisms, and changing the GTI mirror didn’t fix the problem. After trying a
few things, I gave up on making this system work since the CW spike is not compatible with locking
the comb. In fact, even before the CW spike can be seen on the optical spectrum of the laser, it
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Figure 3.16: Saturation parameter as a function of output power for different systems, highlighted
regions are the range of powers used.
causes sidebands on the fCEO beat signal, as we will see in the next chapter.
System 5 seemed promising because the output power was ∼ 500 mW (an optical to optical
efficiency of > 40%) than obtained with systems 1–3, but at about the same pulse BW. As a preview
to chapter 4, to obtain an octave-spanning spectrum by nonlinear broadening from system 1, it was
necessary to amplify the laser first and re-compress the pulses with a grating compressor. These
results will be presented in the next chapter. The required amplifier made the comb system more
complicated, so it would be beneficial to be able to broaden to an octave with the direct output
from the fs-laser. With 270 fs pulses at 188 MHz repetition rate at a large power level of 420
mW, an octave-spanning spectrum which was very similar to the one to be shown in chapter 4 in
figure 4.6, was obtained with this system and an f − 2f interferometer detected fCEO of the laser.
Unfortunately, the laser hopped between two different modes, one of which had a much higher RF
noise floor and thus fCEO was hidden in the forest of noise. This two-mode hopping behavior was
also seen in the output power from the nonlinear fiber.
The same two-state behavior happened with two different nonlinear fibers with system 5. The
resulting octave-spanning spectra for the two different fibers is shown in figure 3.17. One fiber was
commercially purchased from NKT photonics and to be described further in the next chapter and
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another given to us by a collaborator at IMRA and described in [131]. It is probably to be expected
that the noise floor from broadening in microstructured fiber would be too large for a 270 fs pulse,
since an excess RF noise floor is expected for longer pulses and this effect is worse when the pulse
energy is higher [3]. However, since the laser was hopping between two different states, I knew that
it would not be CEO lockable. So instead systems 1–3 were the only systems that were CEO locked
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Figure 3.17: Octave-spanning spectra obtained using the direct output of system 5 to broaden the
output spectrum are shown for two different fibers.
3.9 Properties of the systems that were stabilized: System 1, 2 and 3
Systems 1–3 all used a 5% OC, an R=20 cm radius of curvature mirror for M3 and SESAM 2.
System 1 and later 2 gave good results for two and a half years, with chapter 4 describing the CEO
locked and also optical locking as also presented in [119, 121, 120, 118, 148]. The repetition rate
was 164 MHz for system 1 and 180 for system 2, with a minimum pulse length, right before the
initiation of a CW background, of 270 fs and an average power of 240 mW. The center wavelength
for the laser was usually somewhere in the 1031–1033 range. The changes between system 1 and 2
were minor, adding an extra mirror to incorporate a PZT into the laser, and did not lead to any
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major changes in the mode-locking behavior.
The switch to system 3 involved adding isolators for the pumps and switching M1 and M2 to
REO mirrors (see section 3.1), which transmitted the pump light more and resulted in a higher
average output power of 332 for the 1.2 Watts of pump light. With system 3 the optical bandwidth
of the pulse right before the onset of a CW spike in the spectrum was measured as the output power
was increased. First the output power of one of the pump lasers was adjusted and the laser output
power was measured. The prisms were then tuned in our out of the beam to adjust the net cavity
GDD to where the laser switched from single pulsing to single pulsing with a CW spike. The optical
spectrum was then measured at that transition point. Interestingly, the optical BW at which the
laser started to have a CW spike stayed the same as the laser output power was increased from 148
mW to 332 mW, over a factor of 2, and a large difference in the saturation parameter, as seen in
figure 3.16.
Figure 3.18(a) shows a sample intensity autocorrelation and optical spectrum of the output
of system 3. Though pulses as short as ∼270 fs have been measured, that was when operated close
to the stability limit for multiple pulsing. This figure shows a more typical operation for locking the
comb output of the laser of ∼350 fs. As mentioned, a similar output spectrum and autocorrelation
was found for a range of output powers from 148-332 mW. Since it was evident from the work with
system 5 in section 3.8 that shorter input pulses were needed to achieve CEO locking, the pump
currents were turned down so that the amplifier and broadening system could be used similarly to
system 1 and 2 (see chapter 4). Later, rather than turning the current on the pump down, an ND
filter was used to remove some of the pump power because the laser was again hopping between two
different states. This hopping was due to the pump wavelength at lower current levels having two
different states, as shown in figure 3.8.
By adjusting the pump current, the slope efficiency of the laser and the threshold for CW
and mode-locked operation were measured for system 3. The power data is shown in figure 3.19(a),
along with some representative spectra from the different mode-locked output powers and a CW
spectrum for comparison shown in (b). CW threshold was at an output power of 0.4 mW. There
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(a) (b)
p = 338 fs Dl= 3.4 nm
Figure 3.18: (a) A sample intensity autocorrelation trace and sech2 fit of the output of the Yb:KYW
oscillator is shown. The FWHM implies a pulse length of 338 fs. (b) A sample optical spectrum of
the output of the Yb:KYW oscillator is shown along with the sech2 fit, which implies a FWHM of
3.4 nm
were two thresholds for mode-locked operation. The threshold for self-starting mode-locking was at
an output power of 162 mW, whereas, the threshold for mode-locking with a perturbation or as
approached from higher powers was 88 mW. So in the range between 88mW to 162 mW, the laser
would CW lase unless perturbed. In this range a perturbation was applied to start the mode-locking
by pushing one of the prism stages, as is typically done with Ti:Sapphire lasers. Note that this
hysteretic behavior is similar to the behavior in the multiple pulsing, ie. the laser can be stable to
keep a pulse circulating in the cavity, but not stable to start the pulse on it’s own.
With some adjustment in the positions and mounting of the various cavity optical elements
and alignment the cavity length was shortened while maintaining the basic properties of the pulse
train from the original value of 160 MHz to 188 MHz. Further shortening of the cavity can take
several routes. One option explored but never implemented is higher dispersive prisms, which could
allow the distance between the prisms to be shortened from the current value of 39.5 cm to perhaps
15-20 cm. Another option is to replace the prisms with negative dispersion mirrors, thus giving up
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Figure 3.19: (a) shows the output power of the laser as a function of pump power for the Yb:KYW
laser. Note that the pump power shown is the actual pump power out of the fiber, so all losses
between the pump fiber and the laser are part of this efficiency, even the known light that is thrown
away to make the laser more stable. (b) shows the spectrum of the laser output for various values
of the output power and includes a CW spectrum for reference.
dispersion tuning for cavity length, which, as seen in section 3.7, GDD tuning can be helpful for
achieving single pulsing. Single pulsing could be found by tuning the pump power, but the pump
tuning range for comb use was limited by the spectrum switching behavior previously mentioned.
Another option would be to remove the SESAM and use KLM, and even switch from a linear cavity
to a ring cavity. This is a route that will be explored further in chapter 6.
3.9.1 Longer Cavities
With system 1 the cavity was extended to longer length to the peak power, which generated
an octave-spanning spectrum by directly coupling the laser output into microstructured fiber, ie.
without external amplification. In fact, the first broadened optical octave observed from this laser
was from a cavity with a repetition rate of 91 MHz, which gave 153 mW of average power and
pulse lengths of 156 fs. From this laser 73 mW of light was coupled into the microstructured fiber
to generate the first octave-spanning spectrum from Yb:KYW, presented in [119]. However, this
laser configuration was unstable so would not have been CEO lockable. In addition, since higher
repetition rates were a goal, this 91 MHz laser set-up was not ideal. However, with the shorter
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pulse lengths obtained compared to system 4, the increase in the noise floor from supercontinuum
generation should be improved compared to the 300 fs pulses.
3.9.2 Tuning the mode-locked laser
The tuning properties of the mode-locked Yb:KYW laser were also measured, with system 1.
The set-up was similar to section 3.4, except the SESAM was in the laser and it was mode-locked.
The optical spectrum was monitored while tuning the laser and in figure 3.20(a) some sample optical
spectra are shown (scaled to a common amplitude) and the FWHM of the optical spectrum is
plotted as a function of wavelength. The FWHM was found by a sech2 fit to the optical spectrum.
The tuning range of the laser while maintaining CW mode-locking (ie. not Q-switching) was from
1025.5-1039.5 nm. Attempts to tune past those wavelengths led to strange spectral behavior. There
was an interesting hysteresis seen in the turning curve. Tuning the wavelength past 1039.5 nm
caused the laser to go straight to 1044 nm and switch into Q-switched mode-locking. However, it
could then be continuously tuned back to 1039.4 nm by dialing the razor blade back. But it didn’t
go back to CW mode-locking until the center wavelength reached 1039.5 nm again.
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Figure 3.20: Tuning of the mode-locked Yb:KYW laser. (a) Scaled optical spectra at various center
λ values (b) FWHM of optical spectrum verses λ
It seems strange that the laser was not tunable past 1040 nm while mode-locked despite
the fact that the tuning curve for CW light was actually quite flat past that wavelength. Most of
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the reported Yb:KYW and Yb:KGW fs-lasers described in 2.6.2 have center wavelengths in the
1035–1060 range, whereas this system has a preferred center wavelength of closer to 1030, where the
peak of the CW tuning curve is also located. This could be a result of the reflectance of the optics
used for this laser.
Also the limitation to ∼300 fs pulses because of the multiple pulsing limit is not ideal, but as
it turns out, this did not stop further research into the stabilization of the lasers. Systems, 1–3, were
subsequently stabilized, which will be described in the next chapter. Overall, these three systems
had quite similar behavior, so don’t let the small differences between them confuse you. However,
for further improvements to the laser system, shorter pulse lengths and higher repetition rates are
the direction of most interest for metrology applications. To that end, in chapter 6 I will describe
the development of a GHz repetition rate Yb:KYW laser mode-locked with KLM, but that laser
system has not yet been stabilized. In chapter 5 I will discuss the pump-dependent dispersion of
the Yb:KYW crystal, which could be affecting it’s mode-locking behavior. But for now, let’s move
onto the stabilization of the Yb:KYW fs-laser.
Chapter 4
Stabilization and Characterization of the Yb:KYW frequency comb
This chapter will describe the stabilization of the comb output of the mode-locked Yb:KYW
laser described in chapter 3. As reviewed in 2.3, the incredibly simple comb equation implies that,
if we stabilize two RF frequencies frep and f0 , the comb output will be fully stabilized. An octave
of spectral bandwidth is necessary to use the common f–2f interferometer to detect f0 , so the first
step towards stabilization described in this chapter is the broadening of the Yb:KYW spectrum to
an octave by first amplifying the light, re-compressing the pulses and coupling them into a nonlinear
fiber. Next the detection of f0 using an f–2f interferometer will be described, along with the locking
of f0 using progressively improved phase-locked loops to reach an in-loop noise comparable to other
standard frequency comb systems.
Next I will describe the locking of the second comb parameter by interfering a cavity-stabilized
laser with the nearest comb mode and locking to measure an RF beatnote that can be locked with a
PLL. As described in section 2.4, optically stabilized combs can generate low phase noise microwaves
by photodetection of their locked pulse train. To that end, I will present measurements of the stable
microwaves from the combs and attempts to understand the results thereof.
4.1 Amplifier and compression
As detailed previously in sections 3.8 and 3.9.1, although it was possible to obtain an octave-
spanning spectrum from the direct output of the fs-laser with both a longer cavity set-up or a different
optics configuration, neither allowed locking of f0 . The output of the laser needed amplification
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Figure 4.1: A schematic of the two Yb:fiber amplifiers, pulse compressors and microstructured fiber
broadening. VPH=volume phase hologram
before broadening to allow detection and locking of f0 . Thus a single-mode Yb3+-doped fiber
amplifier, shown in figure 4.1, was used to amplify the output of the fs-laser. This amplifier allowed
amplification of the light and spectral broadening due to SPM in the fiber, so that the re-compressed
pulses had higher average power and were shorter than the pulses straight from the laser. The
shorter pulses were broadened to an octave in microstructured fiber with much less broadband noise
compared to that detected in section 3.8.
Initially a commercially purchased amplifier with a 350 mW pump diode, which I will call
amplifier 1 was used. Eventually a replacement amplifier with a 600 mW pump diode was built,
called amplifier 2. The same type of laser diode used for the fs-laser also pumped the home-built
amplifier; the only difference is the fiber Bragg grating. A different fiber Bragg grating set the
center wavelength to 976 nm because that is the peak of the absorption of the fiber.
Both amplifiers were forward-pumped. After an isolator to prevent retro-reflection of light
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back into the fs-laser, an aspheric lens coupled the fs-laser light into the input fiber of a wavelength
division multiplexer (WDM). The WDM combined the pump and seed light into one HI-1060 fiber.
In amplifier 2 the HI-1060 fiber WDM output was then spliced to the Yb3+-doped fiber, made by
Liekki, YB1200-4/125. In the commercial amplifier, the doped fiber was also spliced to a normal
fiber for output to free-space. However, in amplifier 2 this final splice was quite lossy so instead
an FC/APC terminated Yb3+-doped fiber was used for the output. The length of the doped fiber
was chosen by starting with a one meter long piece and cutting off small amounts of fiber until the
output power was maximized, which occurred at about 50 cm of doped fiber. At the output of
the amplifier(s) was another isolator, to prevent light reflected at the nonlinear fiber from coupling
back into the amplifier. To align the output polarization with the input polarizer of the isolator a
half-waveplate (amplifier 1) or a fiber polarization controller (amplifier 2) was used. Because the
Yb3+-doped fiber absorbs the 1030 nm seed light and also the WDM has loss, the amount of light
coupled into the amplifier was not the same as the amount of light measured at the end of the
amplifier when the pump current was off. The coupled light was measured with a HI-1060 fiber and
assumed not change when the fiber was switched, though the input coupling was optimized again
whenever the fiber was changed.
Amplifier Pump Power Input Power Gain Output Power ∆λout
Amplifier 1 350 mW 159 mW 2.3 366 mW 21 nm
Amplifier 2 600 mW 199 mW 2.4 478 mW 16 nm
Table 4.1: This table lists properties of the two different amplifiers used for quick reference.
Fiber-amplifiers are easy to use, since the alignment of the amplifier, once it is built, is a
simple matter of aligning light into single-mode fiber. Another option for even larger output powers
is using double clad Yb3+-doped fiber and higher power multimode 976 nm pump diodes, but for
this system the single-mode amplifier provided enough amplification. For a higher repetition rate
version of the Yb:KYW comb, larger amplification will be needed since pulse energy goes down
when repetition rate goes up if the average power stays the same.
The pulses were not only spectrally broadened in the amplifier but also temporally broadened
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due to the high positive GDD they experience inside the silica glass fibers. The resulting longer
pulses need to be temporally compressed first before coupling into the nonlinear fiber so that the
peak power is as high as possible for broadening. A grating compressor was used to compress the
pulses, since grating compressors tend to allow much more negative GDD within a smaller area
on the laser table than prisms. A volume phase hologram grating purchased from Kaiser Optical
Systems Inc. was combined with corner prisms to compress the pulses. Volume phase hologram
(VPH) grating compressor can offer much higher efficiency than standard transmission grating
compressors, though at the cost of narrower wavelength range [183]. The VPH grating was 99%
efficient and had 600 lines per mm, with a design central wavelength of 1050 nm. With amplifier 1
a two pass compressor arrangement was used, which resulted in a spatially chirped output. With
amplifier 2 the more standard four pass compressor with fully combined output was used. The
overall compressor efficiency for the four pass compressor was 80%. The four pass compressor used
roof prisms set on each side of the VPH at right angles to one another, allowing separation of the
incoming and outgoing beams [100]. The compressor is highly sensitive to input polarization, with
the incoming light polarized parallel to the table for the current system.
4.1.1 Results for Amplifier 1
Using laser system 1, discussed in chapter 3, the maximum coupling into amplifier 1 was
about 75%, achieving a coupled power of 160 mW. The resulting amplified power was 366 mW
when the pump was on at 350 mW, an amplification factor of 2.3. Figure 4.2 (a) shows the resulting
output power as a function of pump power for a constant 128 mW of coupled light. The data is fit
by a line quite well. Figure 4.2(b) shows the output power verses input seed power when the pump
was on at maximum power. The curve shows evidence of saturation of the amplification, since the
total output power was greater than the pump power. Fitting the graph to a saturation curve gives
the following equation:
Pout =
1.08Pin
1 + Pin377 mW
+ 217 mW.
Due to the saturation the amplifier output power was not very insensitive to perturbations on the
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Figure 4.2: Figure (a) shows the output power of amplifier as a function of pump power, with 128
mW of light coupled into the amplifier. Figure (b) shows the output power as a function of input
power, with a fit to a saturation curve shown.
input power, which can decrease the RIN out of the amplifier, an effect to be discussed later in this
chapter.
Figure 4.3(a) shows the output spectrum from amplifier 1 for various output powers. A
FWHM of 21 nm was achieved when the power was maximal at 366 mW. As mentioned, this spectral
broadening allows pulses shorter than those from the Yb:KYW oscillator alone. The pulses out of
the commercial amplifier were first sent through an isolator and subsequently compressed with the
VPH compressor from 1.2 ps out of the amplifier to 80 fs, as shown in figure 4.3. The compressed
pulse shows evidence of higher order phase chirp because of the side pulses. A combined prism and
grating (grism) could correct some of this [65], but the efficiency of the overall compressor would be
much lower. The VPH compressor is so efficient that even with a low power single-mode amplifier
there was enough compressed light for broadening to an octave.
4.1.2 Results for Amplifier 2
For amplifier 2 with 200 mW of light from laser system 3 coupled into the fiber the output
was 478 mW with the pump on at 600 mW, an amplification factor of 2.4. The output power vs
pump power for amplifier 2 was measured, with the input coupling kept constant and the output
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Figure 4.3: Figure (a) shows the resulting broadened spectra out of amplifier 1 for a variety of
output powers. Figure (b) shows the intensity autocorrelation of the resulting broadened pulse right
after the amplifier. Figure (c) shows the autocorrelation of the compressed pulse with a duration of
∼80 fs.
power vs input power with the pump constant at it’s maximum value was measure, both of which
are shown in figure 4.4. The best fit saturation curve for amplifier 2 was:
Pout =
6.95Pin
1 + Pin31.7 mW
+ 293 mW.
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Figure 4.4: Figure (a) shows the output power of amplifier 2 as a function of pump power, with 149
mW of light coupled into the amplifier. Figure (b) shows the output power as a function of input
power, with a fit to a saturation curve shown.
As with amplifier 1, spectral broadening was also observed in addition to amplification, with
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a resulting FWHM of 16 nm when amplifier 2 was on at full power. Figure 4.5 shows three output
spectra from the amplifier with increasing input and finally, full pump power. Note that the spectral
broadening of the Yb:KYW laser in amplifier 2 was less than with amplifier 1. There are several
possible reasons. Firstly, the doped fiber was different, though both are Yb3+. Secondly, the WDM’s
were different, which could mean amplifier 1 had a WDM with a broader, flat transmission curve for
the seed light. Since the components of amplifier 1 are proprietary, it is hard to determine the origin
of the differences between the two amplifiers. Still, after compression of the pulses from amplifier 2
with the VPH compressor, the pulse length was 113 fs with 300 mW of average power.
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Figure 4.5: This graph shows the output spectra from the amplifier for increasing power.
4.2 Octave generation
A 75 cm long microstructured nonlinear fiber model NL-3.2-945 purchased from NKT Photonics
A/S (formerly Crystal Fibre A/S) with a zero dispersion wavelength of 945nm and a core diameter
of 3.2 µm broadened the output from the pulse compressor to the octave spanning spectra shown in
figure 4.6. An aspheric lens coupled 115 mW and 190 mW of light from amplifier 1 and amplifier
2 into the nonlinear fiber, with the best achieved coupling being 63%. The two spectra are the
results obtained with each amplifier. Vertical lines on the graph show the peaks of the spectra that
were used for f–2f detection for each. The broadened spectrum from amplifier 2 has more spectral
75
bandwidth than needed for f0 locking. A half-waveplate before the nonlinear fiber allowed tuning of
the linear polarization into the fiber, as the input polarization greatly effects the output spectrum
due to birefringence in the fiber. Several different fibers were tested but this fiber gave the broadest
spectrum at the powers and pulse lengths available from the amplified laser output. An achromatic
microscope objective first collimated the output from the fiber. Chromatic aberrations from an
aspheric lens were initially believed to be detrimental to mode-matching the broadened light at both
ends of the spectrum to obtain a large signal to noise ratio (SNR) f0 beatnote. However, later it
was found that an aspheric lens collimating the light still maintained enough SNR on f0 to lock the
laser. The power that was transmitted by the aspheric lens was much greater than the microscope
objective, which more than cancelled the poorer mode-matching of the aspheric lens in this case.
The coupling efficiency into the microstructured fiber decreased with the broadening of the
spectrum in the amplifier due to chromatic aberration in the coupling lens, but this was accepted
as a trade off as shorter pulses injected in the nonlinear fiber were preferable, since longer pulses
are known to produce more noise in supercontinuum generation [3], as seen previously in section
3.8 and to be discussed more in this chapter in 4.3.2. Another issue to consider in the nonlinear
broadening was the stability of the coupling opto-mechanics. Though the opto-mechanics of the
fs-laser determine the inherent noise on the comb, coupling noise into the nonlinear fiber is a very
important issue too. Microstructured fiber has a very small core, so that the coupling is very
sensitive to Poynting noise on the input light. Thus, it is important to use stable and sturdy
opto-mechanics for coupling. Originally a bare fiber and a x,y,z-translation stage was used to couple
light into the fiber. The x,y,z-stage permitted sensitive alignment into the fiber but the fiber became
misaligned after an hour or two. Improvements were needed for longer term use. The bare fiber
was replaced with an end-sealed fiber terminated with an FC/APC connector and the 3-D stage
was replaced with a 1-D stage and stainless steel kinematic mirror mounts to align the input light.
These changes vastly improved the long-term stability of the system, which now stays aligned for
days, even weeks. Figure 4.7 shows a picture of the compressor and the coupling into the nonlinear
fiber.
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Figure 4.6: The graph shows the octave-spanning spectra seen after broadening in a microstructured
fiber for the compressed output from both amplifiers, which are vertically separated for clarity. For
the amplifier 1 broadened output the peak around 680 nm has twice the frequency of the peak at
1360 nm, so that these two peaks can be used for f–2f CEO detection, both of which are shown
on the figure with vertical lines. For the amplifier 2 broadened output, which is broader than
the amplifier 1 spectrum, the peaks near 700 nm and 1400 nm allowed f0 detection. The optical
references, given in 2.3.2, are shown.
4.3 f0 detection and locking
4.3.1 f0 interferometer and signal
The octave-spanning spectrum was used to detect f0 using an f–2f interferometer shown in
figure 4.8. The aspheric collimation lens which collimated the octave was on a z-translation stage,
so that the distance from the tip of the fiber to the lens could be adjusted to maximize the resulting
f0 beat signal, which was measured with light at both ends of the octave.
First a dichroic mirror separated the IR light from the red light. The dichroic transmits
light below 1300 nm and reflects light higher than 1300 nm, so the light in the visible arm also
contains light that was needed for further measurements. An HR mirror in the “visible” arm of the
f–2f interferometer transmitted the near IR light and reflected the red light for f0 detection. A
translation stage in one arm matched the IR and red pulses in time at the detector which had been
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Figure 4.7: A picture of the amplifier output, pulse compressor and input coupling optomechanics
into the microstructured fiber are shown. The label frep 2 shows where the light for microwave
generation will be taken, which will be discussed in section 4.5
separated by dispersion. The interferometer end mirrors were tipped slightly down so that the light
heading back through the dichroic beamsplitter could be picked off by a D-shaped mirror and sent
to the BBO crystal used to double the IR light with Type I phase matching. Type I phase matching
creates doubled light at twice the optical frequency but also at a polarization perpendicular to the
input light. A waveplate between the collimation and the interferometer rotated the IR polarization
to be at the correct angle for maximum doubling power. A subsequent polarizer projected the
doubled IR light and the undoubled red light onto a common polarization axis. The f0 beatnote
was then detected on a silicon phototodiode, after an optical bandpass filter removed light not
contributing to the signal.
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Figure 4.8: A schematic figure for the f–2f interferometer used to detect the CEO frequency of the
Yb:KYW laser. DC=dichroic beamsplitter, BBO=SHG crystal, BP=bandpass
The results that will be shown in this section were primarily obtained with amplifier 1 and
laser system 1. Similar results were achievable with amplifier 2 and laser systems 2 and 3, but the
older, more complete data allows me to show the effect of various improvements on the lock. With
that set-up an RF spectrum analyzer measured the RF spectrum of the photodiode signal from the
f–2f interferometer shown in4.9. The detected f0 signal had a signal to noise ratio (SNR) of 34 dB
in a 100 kHz resolution bandwidth, though later improvements brought it up to 38 dB in 100 kHz
resolution bandwidth.
The unlocked f0 beat signal was relatively narrow, with somewhere between 10-30 kHz
FWHM, as measured by changing the resolution bandwidth of the RF spectrum analyzer and noting
the effect on the beat signal’s peak power. Notice the sidebands at about 1 MHz from the center
signal. These sidebands were related to the stability of the laser. They got worse when the prisms
were tuned in more to decrease the net (negative) GDD of the cavity, which is closer to the stability
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Figure 4.9: Figure (a) shows a 200 MHz span of the RF spectrum of the signal at the f0 photodiode.
Note that the same spectrum repeats itself across the bandwidth of the photodiode, since there are
interference terms at each of these higher harmonics. Figure (b) shows a close up, 5 MHz span of
the f0 beat signal. Note the sidebands, which seem to be dependent on the stability of the laser.
limit against the CW spike discussed in chapter 3. Note the relatively clean and narrow of the
unlocked f0 spectrum without the Lorentzian-like wings commonly observed in fiber laser systems
[179, 124].
4.3.2 Broadband noise that changes with delay
The noise floor on the f0 beat signal in 4.9 was above the shot noise limit and the electronics
noise floor and shows evidence of excess noise from supercontinuum generation [3]. In fact, the
noise floor changed with the delay of the interferometer arm, with the peaks in the noise floor
corresponding to where the SNR on f0 was highest. Figure 4.10 (a) shows a few traces of the RF
spectra of the fourth harmonic of frep with the corresponding f0 beatnotes at different positions of
the interferometer arm stage. The repetition rate power didn’t change so the amount of light on
the photodiode was constant over the range of the translation stage. Even though the spectrum
detected at the photodiode stayed constant, the noise floor changed dramatically. Figure 4.10 (b)
plots the noise floor level and the f0 SNR as a function of distance. As mentioned, the peak in the
f0 SNR corresponded to the peak in the noise floor. In addition, there were two peaks in the range
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of the stage. This interesting delay-dependent white noise behavior has been observed in other
fs-lasers broadened with nonlinear fiber but has not yet been explored and explained in detail.
(a) (b)4frep
4frep+f0
4frep-f0
Figure 4.10: Figure (a) shows the RF spectrum at the f0 photodiode for several values of distance
on the interferometer arm. Figure (b) shows the SNR on f0 and the broadband noise floor as a
function of interferometer arm distance.
4.3.3 Phase Locked Loop and Improvements to the Servo Bandwidth
A phase-locked loop (PLL) locked the f0 beatnote to a stable oscillator referenced to a maser.
Modulation of f0 was achieved by modulating the current on one of the pump diodes. The filtered
error signal was sent to the modulation port on the pump diode current controller. In this laser the
CEO frequency can be continuously tuned from 0− frep with small changes to the prism insertion,
which allowed f0 to be moved to a convenient frequency for the electronics. A progression of PLL
circuits was used to decrease the noise on the lock, as shown in table 4.2. All these circuits used the
same digital phase detector and an adjustable loop filter.
PLL 0 in table 4.2 was the initial PLL used to lock f0 , which was presented in [121]. For this
initial lock there were sometimes large transient slips in phase of the lock and the servo bandwidth
was quite limited. The in-loop phase noise PSD on the PLL0 lock is shown in figure 4.12, with a
servo bandwidth of ∼20 kHz, as evidenced by the position of the servo bumps. There were several
improvements made between PLL 0 and PLL 1. Initially the laser and nonlinear fiber coupling were
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N BP f BP BW ÷ phase lead circuit int PN
0 266 MHz 8 MHz 64 none 1.70 radians1
1 498.4 MHz 18 MHz 64 none 0.84 radians2
2 498.4 MHz 18 MHz 8 C = 0.7 nF, R1 = 6 kΩ, R2 = 500 Ω 0.45 radians2
3 498.4 MHz 18 MHz 8 C = 0.7 nF, R1 = 19 kΩ, R2 = 500 Ω 0.31 radians2
4 119 MHz 4 MHz 8 C = 0.7 nF, R1 = 19 kΩ, R2 = 500 Ω 0.31 radians2
Table 4.2: This table lists the progressively better PLL servos used to lock the f0 beatnote. Another
difference is that PLL 0 used the Thorlabs current controller, with its lower modulation bandwidth.
Note that the limits of integration for the integrated phase noise (PN) were 1 (5.0 Hz–4 MHz) and 2
(0.1 Hz–500 kHz)
inside of the large laser box, since these are the most sensitive parts of the system, but the beam
had to leave the box to go to and from the amplifier and to go to the f–2f interferometer. The size
of the holes in the box that the beam went through were on the order of inches. These holes were
covered with cardboard so that the actual hole area where air could flow through was about the
size of the beam, ie. a few millimeters. The result was the glitches disappearing. Apparently, this
laser is extremely sensitive to any air flow or pressure difference.
The next step to improve the f0 lock was to increase the servo bandwidth and thus decrease
the phase noise in the locked f0 beat signal. Originally the bandwidth to the Thorlabs pump
controllers limited the servo bandwidth. This was found by measuring the frequency-dependent
transfer functions of modulation of the pump laser diode current to the laser diode output power,
the Yb:KYW oscillator output power, and f0. For the laser diode and Yb:KYW output powers this
was accomplished by inserting a photodiode at the respective output and using a network analyzer
to record the amplitude fluctuations as the diode current was modulated by the analyzer’s noise
source. However, measuring the frequency response of f0 to diode current modulation required
the use of a frequency-to-voltage conversion. In this case, a delay line frequency discriminator was
used to obtain an output voltage proportional to the frequency fluctuations. The resulting transfer
functions are shown in figure 4.11. The specified modulation bandwidth on the Thorlabs laser diode
current controllers used at that time was 30 kHz. The actual pump power transfer function’s 90◦
phase bandwidth was ∼30 kHz, though the 3 dB gain bandwidth was ∼50 kHz. From figure 4.11 it
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Thing bump freq 3 dB BW 90 deg phase
PLL0 20 kHz none none
PLL1 36 kHz none none
Thorlabs LD transfer none 48 kHz 43 kHz
Thorlabs Yb:KYW transfer none 22 kHz 28.5 kHz
Thorlabs f0 transfer none 27 kHz 30 kHz
ILX LD transfer none 117 kHz 177 kHz
ILX YB:KYW transfer none 40 kHz 107 kHz
Table 4.3: Bandwidth information on the servos and transfer functions.
is evident that the pump modulation bandwidth was not the only limitation on the servo bandwidth,
as the transfer function for the Yb:KYW laser average power and f0 both had lower bandwidth
than the pump laser’s output power transfer function. This lower bandwidth indicates that there
was another bandwidth-limiting element contributing to the servo bandwidth that was working
together with the pump current modulation bandwidth to decrease the overall servo bandwidth.
From this measurement it was observed that the transfer function to Yb:KYW average power and
f0 frequency are nearly the same, so in later measurements the transfer to the Yb:KYW average
power was measured and assumed to be close to the f0 transfer.
(a) (b)
Figure 4.11: Figure (a) shows the amplitude and figure (b) shows the phase of the initially measured
transfer functions.
The first improvement to the servo bandwidth was achieved using the pump diode drivers
from ILX with ∼200 MHz input modulation ports that were described in section 3.3. The transfer
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functions to the laser diode power and Yb:KYW average power with the ILX driver were measured
and improvement was observed. The 3 dB pump power modulation bandwidth became 117 kHz
and the Yb:KYW average power 3 dB bandwidth became 40 kHz with the ILX driver.
Why was the Yb:KYW average power modulation bandwidth still so low? Unfortunately,
in this fs-laser, the dynamics of the laser limited the bandwidth of modulation, which was only
clear once the pump modulation bandwidth was increased. With the new laser diode driver the
overall servo bandwidth moved from ∼20 kHz out to ∼36 kHz from PLL0 to PLL 1. The phase
noise on the improved f0 lock is shown in figure 4.12 (b), with the initial lock’s phase noise shown
for comparison and the integrated phase noises also shown. Notice how much noise was removed
by closing the holes and improving the servo bandwidth by using a higher modulation bandwidth
pump current controller.
Further improvements to the servo bandwidth required a more thoughtful approach. Firstly,
after having removed the source of much of the previously observed free-running noise on f0 , the
PLL divider could now be changed to an 8 instead of a 64. A smaller divider allows for a tighter
lock, since the fluctuations of the divided signal from the reference are larger for the same size of f0
fluctuation. To overcome the limitation in the feedback bandwidth, a phase lead was added to the
traditional PI loop filter circuit to compensate for the 40 kHz roll off and push the servo bandwidth
to higher frequencies, as demonstrated for erbium fiber systems in [117]. Figure 4.13 shows the
circuit diagram for the phase lead used in this system. The transfer function for this circuit is:
T (ω) =
R2
R2 + 11
R1
+iωCR1
,
which allows the gain and phase effects of the circuit to be calculated and put into a Bode plot for
comparison to the known transfer functions of the laser. The effect of this phase lead was to push
the flat part of the response out to higher frequencies, so that the transfer function overall was
flatter at higher frequencies than the original transfer function. In practice, a combination of R1,
R2 and C close to the response desired was found, then a tunable R, C unit was used to optimize
the response by measuring the RF spectrum of the locked beat signal and the in-loop phase noise
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(a)
(b)
servo 
bumps
Figure 4.12: Figure (a) shows the amplitude and the phase of the improved transfer functions with
the ILX current controller that has higher modulation bandwidth. Figure (b) shows the resulting
in-loop phase noise on the f0 lock for the initial and improved lock. Note the decreased noise near 1
kHz and the increase servo bandwidth, seen by the servo bumps moving to higher frequency.
and making adjustments to R and C, with PLL2 and PLL3 being two examples.
Figure 4.14 shows the resulting RF spectra of the locked f0 beatnote and the in-loop phase
noise on f0 for PLL1, PLL2 and PLL3. The graph shows that these improvements to the servo
pushed the servo bumps out >100 kHz and decreased the integrated phase noise on the lock from
0.84 radians to 0.31 radians, with frep at 164–180 MHz. However, a fundamental limitation has
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Figure 4.13: Figure (a) shows the circuit diagram for the phase lead compensator. Figure (b) shows
the phase of the phase lead circuits used in PLL2 and PLL3 and figure (c) shows the gain of those
phase lead circuits.
not been reached, so still further reduction in residual phase noise should be possible, at least, in
principle.
The final integrated phase noise of 0.31 radians was less than the ∼1 radian obtained with
an ∼175 MHz erbium fiber comb using the phase-lead compensation technique [165]. For an
88–100 MHz Ti:Sapphire systems the in-loop integrated phase noise was as low 0.12 radians (0.9765
mHz–102.4 kHz) as measured in [60]. So the integrated phase noise on the Yb:KYW locked CEO
frequency was in between that obtained for Ti:Sapphire and Erbium fiber, ie. on par with other
standard frequency comb sources.
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Figure 4.14: Figure (a) shows the RF spectrum of the locked f0 beat signal for three subsequently
improved phase locked loops (PLL), with their servo bumps pushed to higher frequencies. Figure
(b) shows the PSD of the fluctuations of the phase as a function of frequency for these same three
PLL circuits, along with the integrated phase noise.
One final improvement that was made before PLL4 was the nonlinear fiber length was
shortened from one meter to 75 cm to reduce the broadband noise, which gave a slightly increased
SNR on f0 . The longer fiber was adding broadband noise to the output without increasing the
power of the portions of the spectrum used to measure f0 .
4.4 Optical stabilization of the laser
Recall that the comb equation, fn = nffrep + f0, describes the frequency of each of the phase-
locked CW laser outputs of the frequency comb in terms of an index, n, and two RF frequencies, f0
and frep . The previous section (4.3) described the stabilization of f0 . This section will discuss the
stabilization of frep . When both f0 and frep are stabilized, the comb is fully stabilized and can be
used for metrology and applications.
It would be quite straightforward to measure and lock the repetition rate by detecting the
pulse train with a high bandwidth photodetector and locking to a microwave reference with a PLL,
but this method of locking limits the comb stability to the stability of microwave references. So
instead comb metrologists seeking lower instability lock frequency combs to optical references to
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transfer the excellent optical frequency stability described in 2.3.2 to the comb. This optical locking
technique as applied to the Yb:KYW comb will be described in this section.
The two NIST optical references which the Yb:KYW octave-spanning spectrum overlapped
with are CW lasers at 1068 nm and 1126 nm, which are the respective cavity-stabilized sources
that are frequency quadrupled to serve as the Al+ and Hg+ optical atomic clock lasers of the NIST
Ion Storage Group [146]. For the measurements shown in this thesis, the reference lasers were
cavity-stabilized only, so the raw data shows evidence of long-term drift due to slow cavity length
changes. The CW lasers are located in a different wing of the NIST building from the fs-laser
combs. The reference light was sent to the Yb:KYW comb through ∼300 m of single mode optical
fiber (SMF28). The phase noise caused by drifts in the effective fiber length was actively cancelled
similarly to [109, 185]. An error signal was obtained by using a polished, flat fiber end so that
the retroreflected light could be compared to the outgoing light, obtaining an RF beatnote. Fiber
polarization paddles allowed adjustment of the retroreflected light’s polarization to allow it to be
separated from the input light for maximal SNR. Finally a PLL locked the resulting frequency, with
an AOM in the input path used for modulation.
For the first results on optical stabilization of the Yb:KYW laser the comb was locked to
the 1126 nm reference. However, when this laser was no longer available, the Yb:KYW comb was
stabilized to the 1068 nm laser. The Yb:KYW comb had enough overlap with both references to
obtain sufficient signal to noise ratio for locking the beat frequency. This fact is promising for the
future use of the Yb:KYW comb for optical frequency metrology measurements, where the comb
would be locked to one optical reference and then used to measure another optical reference.
Figure 4.15 shows the optical beatnote interferometer schematic. A polarizing beamsplitter
cube combined the input light from the f–2f interferometer with the stabilized 1126 nm or 1068
nm light, with waveplates in each arm to align the input polarization for maximum transmission. A
polarizer projected the light onto a common polarization axis so the interferometric beat between
the two could be measured on a photodiode. In the input arm of the interferometer an optical
bandpass filter reflected light that was not needed for detection of the beat signal. The bandpass
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filters used for the two different wavelengths were centered at 1083 nm with a 5 nm bandpass and
at 1150 nm with a 10 nm bandpass. The bandpass filters were tilted to move the filter transmission
to lower λ, where needed comb light was centered. The reflected light from the tilted filter could be
separated from the incoming light and used for further measurements.
polarizer
fbeat
Fiber from Ion Storage 
Group with 1068 nm 
or 1126 nm, cavity-
stable, fiber noise 
cancelled light.
PBS
/2
/4
/2
Opt. BP
Input 
light
Output 
light- for 
frep
Figure 4.15: This figure shows the schematic for the optical beatnote detection interferometer. The
light which was transmitted in the “visible” arm of the f–2f interferometer was the input. A PBS
combined the input comb light with the stable CW light and polarizer projected the light onto a
common polarization axis for detection at a InGaS photodiode.
Figure 4.16 shows a picture of the interferometers, with the beam paths shown for clarity.
4.4.1 Lock with Hg+ reference at 1126 nm
First I will present the results for the lock from stabilization with the 1126 nm light, using laser
system 2 and amplifier 2. Figure 4.17 shows RF spectra of the detected signal at the photodiode,
with (a) showing a 200 MHz span and (b) a 10 MHz span. The SNR of the beatnote with the 1126
nm light was about 30 dB in 100 kHz resolution BW, sufficient for locking with a standard PLL.
Unfortunately, the fbeat signal moved in frequency quite a bit, especially compared to the f0 signal,
which was relatively steady on a 10 MHz scale, at least, after the improvements mentioned in section
4.3.3. The motion consisted of large amplitude oscillations at a slow frequency, likely the normal
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Figure 4.16: A picture of the interferometers is shown, with the f–2f interferometer near the top
and the fbeat interferometer near the bottom of this picture. The teal lines show the infrared light
and the red lines show the red light, except where they are overlapped the line is just red. The
optics for the f–2f interferometer are surrounded by a box as shown. The rest of the other optics
are for the fbeat interferometer.
mode oscillation of the floor in the lab. Thus much of the free-running noise can be attributed to the
coupling of the cavity length motion to the floor motion, as all of this thesis work took place on a
non-floating optical table. This also meant that, while the comb was optically locked, acoustic noise
in the lab could lead to noise on fbeat , especially from the nearby lab door opening and closing or
other lab members opening and closing drawers, etc. For this reason, the bulk of the data you will
see in the rest of the chapter was taken in the evening, when the lab was quieter.
Because of the large free-running noise on fbeat, the PLL used to lock it employed a frequency
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Figure 4.17: RF spectra of the unlocked beatnote of the comb with the cavity-stabilized 1126 nm
light are shown.
divider with a ratio of 64. Two tunable bandpass filters in succession isolated the fbeat signal at 610
MHz with an effective bandwidth of a few MHz that was narrower than either alone could obtain .
The rest of the PLL used the same standard NIST digital phase detector and adjustable loop filter
as the f0 PLL (without a phase lead). The feedback went to the single element PZT attached to
one of the mirrors in the SESAM arm of the laser. For these initial results at 1126 nm, an extra
plane mirror was added to the cavity. Later M3 was cut to a smaller size and glued to a single
element PZT which was in turn glued to a piece of lead. M3 was originally 0.5 inch in diameter and
0.25 inch thick and it was cut in half in thickness and in quarters in the optical plane. For both
PZT arrangements the bandwidth of the servo was about 20 kHz. Note that a higher bandwidth
PZT-mirror system has recently been demonstrated in [24] and could allow for future improvement
to the servo bandwidth. Servo bandwidth or lower free-running noise are the keys to improving the
lock so improving the PZT bandwidth should definitely be explored in the future. Figure 4.18(a)
shows a zoomed in version of the locked RF spectrum of fbeat and 4.18(b) shows the PSD of the
phase noise on fbeat . The in-loop integrated phase noise for the lock was 1.5 radians, for a carrier
at 288 THz.
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Figure 4.18: (a) shows the RF spectrum of locked beatnote between the Yb:KYW comb and a CW
laser at 1126 nm and (b) shows the phase noise PSD and integrated phase noise, with the carrier at
288 THz.
4.4.2 Testing the Stabilized Comb: Comparing to the Maser
As an initial test of the fully stabilized comb the resulting repetition rate harmonic at 1
GHz (6× frep) was mixed with an oscillator referenced to the maser while the comb’s f0 an fbeat
were locked as described. Figure 4.19 shows the fractional frequency instability of the mixed down
signal at 250 kHz as a function of averaging time, or the so called Allan Deviation. Although this
measurement was maser limited at shorter times with an instability of 2-3 x 10−13 at 1 second,
it was a simple proof of principle to show that the noise on the comb was already as good as or
better than the maser. To measure a lower instability of the Yb:KYW comb a lower noise frequency
reference was required for the mixing, which is the measurement described in section 4.5.
4.4.3 Lock with Al+ reference at 1068 nm
Because the stabilization of the Yb:KYW comb relies on the generosity and hard work of
the others who run the optical references, the reference was switched to 1068 nm when the 1126
nm light was no longer available. Luckily, this wavelength was even closer to the Yb:KYW comb’s
central wavelength, so obtaining overlap and sufficient SNR for locking was not a problem. Figure
4.20 shows the unlocked RF spectra, with a SNR of 38 dB in 100 kHz resolution BW. The strong
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Figure 4.19: The Allan Deviation of the locked comb’s 6th harmonic of the repetition rate mixed
with a maser-referenced synthesizer. The lines show the trends for where the noise from the maser
and the noise from the 1126 nm light dominate. Note that the noise at shorter times should be
much lower if the instability were not limited by the maser.
signal along with imrovements to the locking electronics allowed an improved lock with less noise
than the previous result. The RF spectrum of the locked beatnote with the 1068 nm laser is shown
in figure 4.21(a) and the in-loop phase noise PSD is shown in figure 4.21(b). This lock had an
integrated phase noise of 0.38 radians (0.1 Hz–500 kHz), which was an improvement by a factor of
four over the previous lock.
After locking to the optical references and simultaneously locking f0 , the comb was fully
stabilized. There were a few issues to note for the fully stabilized Yb:KYW comb. Firstly, since the
lab temperature oscillates regularly, the length of the cavity drifted with the lab temperature. With
only the single-element PZT available to correct the fs-laser cavity length drift, fbeat eventually it
went out of the range of the PZT. When the fbeat came unlocked, it caused f0 to come unlocked as
well. This is despite the f0 lock on its own being quite stable. Likely there was a large glitch that
caused fbeat to come unlocked that also unlocked f0 , since the servos are coupled. Recall that the
insertion of one of the prisms was used as a coarse adjustment knob for f0 , which was accomplished
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Figure 4.20: RF spectra of the unlocked beatnote of the comb with the cavity-stabilized 1068 nm
light are shown.
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Figure 4.21: (a) shows the RF spectrum of the locked beatnote between the comb and a CW laser
and (b) shows the phase noise PSD and integrated phase noise, with a 281 THz carrier.
with a stacked PZT and a translation stage. Changing the prism insertion caused changes to both
f0 and fbeat as well. So to bring both beatnotes in range of the locking electronics, an iteration
of the PZT that controls the prism insertion, the longer range prism stage and the M3 PZT was
performed.
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4.5 Low Phase Noise Microwaves
With a fully-stabilized comb the wide world of frequency comb applications is opened up
to Yb:KYW. As a first demonstration the microwave phase noise on a harmonic of the repetition
rate of the stabilized Yb:KYW laser was measured. Section 4.4.2 described a comparison of the
Yb:KYW comb locked to the 1126 nm laser to a synthesizer referenced to a maser via frequency
mixing, which resulted in a mixed down signal with instability limited by the maser reference. The
maser limit meant further characterization was needed to find the limit of the Yb:KYW comb.
This was accomplished by comparing the Yb:KYW comb to another frequency comb locked to an
independent optical reference. With some effort, the results for the microwave phase noise were
improved by changes which will be described in this section.
Firstly, as a motivation for measuring the noise on the locked comb’s microwave output, let’s
consider the comb equation for the optically stabilized comb. The optical frequency fopt is locked
to the m-th comb element by a beat frequency fbeat .
fopt ± fbeat = mfrep ± f0. (4.1)
Solving for the repetition rate gives:
frep =
fopt ± fbeat ± f0
m
(4.2)
For the optical lock at 1126 or 1070 nm, m is ∼1.5–1.6 million. The power in the optical
locking technique can be seen by looking at what fluctuations in the various frequencies does to
the repetition rate. The frequency fluctuations of cavity-stabilized lasers such as the two used to
lock the Yb:KYW comb are at the most ∼1 Hz [187] in 1 second averaging time. For the locked
parameters f0 and fbeat , the frequencies typically have locked fluctuations at 1 second on the order
of mHz. So, the frequency noise on the fully locked comb’s repetition rate should be dominated by
the optical reference, but with the division ratio of 1.5 million, frequency fluctuations should be
less than a microHz and fractional frequency fluctuations should be a few 10−15. The power of the
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comb is in the m! The comb divides out the noise from the optical reference down to the microwave
domain.
We can interpret the resulting frep phase noise PSD by looking at the different frequency
ranges and comparing the measured phase noise to the contributions from the various sources we
know about. The phase noise plot can allow us to see which parts of the spectrum have noise
dominated by what processes because the frequency dependance of the phase noise tells us something
about the source of the noise. In reality, because of various issues during the measurement process,
it is quite difficult to get to the limit set by the optical reference at all frequencies, but with the
phase noise plot and some detective work, we can start to dissect the noise spectrum and make
improvements to the system.
Due to the interest in low phase noise microwaves at 10 GHz discussed in 2.4, it is desirable
to detect higher harmonics of the Yb:KYW repetition rate rather than the fundamental at ∼200
MHz. To obtain a signal at GHz harmonics the stabilized Yb:KYW comb was detected with a high
bandwidth photodiode. The harmonic of interest can then be isolated and characterized. However,
as mentioned already, since the optically locked comb is a state-of-the-art microwave frequency
reference, two combs are needed to measure the low phase noise on the resulting microwaves. In the
work presented in this section two combs were compared in the microwave via their harmonics from
a photodiode. The set-up for these measurements is shown in figure 4.23. The reference comb was a
1 GHz Ti:Sapphire broadband laser. The Yb:KYW laser was locked as described previously. The
signal for the microwave measurements was detected either from the rejected light of the bandpass
filter in the fbeat interferometer (position frep 1) or from the light straight from the laser (position
frep 2), both shown in figure 4.23. The reason for these two detection locations will be discussed in
the following.
4.5.1 Initial Microwave Results-April 2009
For this measurement I used position frep 1 to detect a microwave harmonic of the Yb:KYW
laser’s frep . As a first guess this detector position could be considered superior because it’s near
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where fbeat was detected in the optical system, so sources of noise that were measured and corrected
for by the fbeat lock would also be corrected in the frep 1 light. A spectrum of the light at frep 1 is
shown in figure 4.22, with most of the light near 1000 nm. The light was coupled into the single
mode fiber of a commercial InGaS photodiode package DSC40S from Discovery Semiconductors Inc.
The DSC40S has a bandwidth of up to 16 GHz and operates in the 800–1650 nm spectral range, so
the light shown in figure 4.22 easily fell into its range. For this measurement the Yb:KYW laser’s
repetition rate was 181 MHz. The 11th harmonic of the photodiode signal at 1.99 GHz was isolated
with a tunable bandpass filter, amplified and sent to a frequency mixer. The signal was initially
measured at 2 GHz (rather than 10 GHz) because it was easier to detect since there were fewer
lower harmonics to saturate the photodiode [46], ie. the signal was larger at 2 GHz.
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Figure 4.22: The spectrum of the light at frep 1 is shown.
The comparison oscillator mixed with the Yb:KYW signal was a stabilized comb based on a 1
GHz Ti:Sapphire broadband fs-laser, as shown in figure 4.23 and described in [14]. The spectrum of
the broadband laser is shown in figure 4.24, with the center peak used to detect the microwaves and
the outer part of the spectrum used for f0 detection. For this measurement, the Ti:Sapphire laser
used did not span a full octave, so its CEO frequency was measured with a 2f–3f interferometer, as
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Figure 4.23: The general schematic for the microwave comparisons of the Yb:KYW and Ti:Sapphire
fully stabilized comb is shown. The Ti:S laser spectrum shown is for TF1, which was used for the
November 2010 measurements. The BB1 laser which was used for the April 2009 measurements has
a narrower spectrum, so it employs f0 measurement with a 2f–3f interferometer, not the f–2f that
is shown. Additionally, for the April 2009 measurements the Ti:Sapphire reference was at 657 nm,
not the 578 nm shown. BP=bandpass filter, BT=bias tee, OC=output coupler, PZT=piezoelectric
transducer, PLL=phase locked loop, AOM=acousto-optic modulator, SAM=semiconductor saturable
absorbing mirror, NL Fiber=nonlinear microstructured fiber.
described in [12], with the basic principle shown in figure 4.23. The Ti:Sapphire comb was optically
locked to a cavity-stabilized optical reference at 657 nm, which is the clock laser for the Calcium
optical clock in the lab next door to the fs-lasers [129, 175]. As with the light from the ion storage
group, the optical reference light was sent to the Ti:Sapphire laser through a single-mode optical
fiber with active fiber noise cancellation. A GaAs photodiode from Electro-Optics Technology, Inc.,
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model ET-4000F, with a cut off frequency >12.5GHz and a responsively in the 400–900 nm range
detected the microwave signal from the Ti:S laser. A bandpass filter isolated the 2 GHz signal,
which was then amplified and sent to the mixer. Note that for this measurement, the mixer was
kept on the optical table with the Ti:Sapphire laser and the signal from the Yb:KYW laser was sent
to the mixer from the Yb:KYW optical table using a microwave cable.
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Figure 4.24: The spectrum of the 1 GHz broadband Ti:Sapphire laser which was CEO locked,
optically referenced, and the resulting microwaves at 2 GHz detected and compared to the Yb:KYW
laser’s microwaves.
The exact repetition rates of the fs-lasers were adjusted so that the frequency difference
between the 2 GHz harmonics was small enough that it could be measured by a counter with plenty
of digits, ie. so the detection of the frequency would not be limited by the counter. For this data
the beat frequency measured was 11 kHz. The mixed down frequency was measured with a one
second gate time by a frequency counter. The Allan deviation of the counter data was calculated
from the counter data. First, a linear drift was subtracted from the data and glitches of over 4σ
were removed. Figure 4.25(a) shows the Allan Deviation as a function of averaging time, along
with the data from the comparison of each individual comb to a synthesizer referenced to a maser.
The two-comb comparison gives much lower fractional frequency fluctuations than the maser, in
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fact, at 1 second averaging time the instability of 6 × 10−15 is 33× lower than maser. However,
3–4× 10−15 was the expected instability of the 657 nm optical reference [129], which was expected
to be the limiting factor because it is much worse than the 1068 nm laser. However, this is under
the assumption that the combs perfectly transfer the optical stability into the microwaves. Figure
4.25(b) shows the phase noise PSD of the mixed signal between the two lasers. Again, the data
is good, but not quite at the limit expected. Thus another source of noise apart from the optical
sources must be contributing to the measured microwave instability.
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Figure 4.25: Figure (a) shows the Allan deviation of the mixed signal between the 2 GHz repetition
rate harmonic of Yb:KYW and Ti:S, with Yb:KYW locked to a 1068 nm optical reference and
Ti:S locked to a 657 nm optical reference. (a) also shows the Allan deviation of the mixed signal
betweenYb:KYW (Ti:S) repetition rate harmonic at 2 GHz and a synthesizer referenced to a maser
at 2 GHz, for comparison. Figure (b) shows the phase noise PSD of the beat frequency between the
two combs when compared at 2 GHz.
As a quick test to eliminate noise from the comparison electronics as the limitation, the 2
GHz signal from a single maser referenced synthesizer was used to measure the electronic noise floor
for the measurement. The measurement indicated that the electronics noise floor was lower than our
measured noise, eliminating the electronics between the photodiodes as the source of excess noise.
In an ideal world, the locked comb, would perfectly transfer the stability of the optical
reference into the microwave via equation 4.2, with only the excess noise from the f0 andfbeat locks
and any noise on fopt contributing to the measured noise on the microwave signal. However, this
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logic is flawed because it assumes perfect detection of the harmonics of frep , whereas the detection of
the locked comb is in fact limited by the photodetection process. There are two main processes in the
photodiodes detection which raise the noise on the microwaves from combs: shot noise and AM-PM
(amplitude modulation to phase modulation) conversion. Shot noise is a well known phenomena,
but AM-PM conversion is a less studied process by which the photodiode converts relative intensity
noise (RIN) on the frep light into phase noise on the microwave frequency as discussed in [167]. The
contribution of AM-PM conversion to the microwave instability will be discussed in the next section.
4.5.2 AM-PM conversion noise
What causes the photodiode to convert AM noise on the input laser into PM noise on the
output microwaves? An intuitive physical picture can be drawn. As the power on the photodiode is
increased, more photocarriers are produced. Since these are pulses, the photocarriers are created
quickly and thus when even more are created the interactions among the photocarriers can get quite
strong and affect their motion. Internal electric fields from the photocarriers can then oppose the
bias electric field, leading to higher carrier transit times and broadening of the output electronic
pulse. This pulse broadening, which changes with input optical power (or photocurrent), is the
fundamental source of the AM-PM conversion.
Recently another member of the lab, Jennifer Taylor, measured the AM-PM conversion
of several different high bandwidth photodiodes from Discovery Semiconductors as a function of
photocurrent [167]. Figure 4.26 shows the results of her measurement, in units of radians per
fractional power fluctuation. None of the measured photodiodes in figure 4.26 was the DSC40S
used for the measurement described previously in 4.5.1, but we can still use this data to get an
idea of the general range of the AM-PM conversion of photodiodes. The graphs show that the
AM-PM conversion changes as a function of photocurrent, sometimes going through a minimum.
This behavior is highly dependent on the type of photodiode, as the curves all have very different
positions for their zeros and different amplitudes for their maxima. The general range for the AM-PM
conversion was 0.1–2 radians/∆P/P , with the exact value highly dependent on the photocurrent.
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This range will be used to estimate the effect of AM-PM conversion in the photodiode on the
microwave phase noise measurements from section 4.5.1. The AM-PM data shown in figure 4.26
was taken with different photodiodes at a different center wavelength and at 10 GHz as opposed to
2 GHz, so the comparison isn’t perfect, but should give an order of magnitude type estimate.
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Figure 4.26: AM-PM conversion factor as a function of photocurrent for several different photodiodes.
To estimate the effect of the AM-PM conversion of the photodiode on the 2 GHz microwave
instability data shown in figure 4.25 we first convert the frequency instability into phase fluctuations
in radians for comparison. At one second averaging time the following can be used to find the phase
fluctuations:
∆f
f
≈ 6× 10−15 @1second (4.3)
∆f ≈ (6× 10−15) (2× 109 Hz) = 1.2× 10−5 Hz (4.4)
∆φ ≈ (1.2× 10−5 Hz) (1 s) (2pi radians) = 7.5× 10−5 radians. (4.5)
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To find out whether the measured phase fluctuations were near the limit due to AM-PM
conversion in the photodiode, the relative intensity noise (RIN) is needed. To that end the RIN
of the laser was measured at several places in the optical path, with f0 locked and unlocked. The
locking of f0 is actually a nonlinear control over the RIN of the laser as reported in [140], so detecting
the RIN with and without the lock informs us how strong the RIN suppression of the f0 lock is.
Figure 4.27 shows the PSD of the RIN data, with (a) showing the effect of locking f0 on the RIN
at position frep 2, along with showing how the amplifier affects the RIN when f0 was unlocked.
Interestingly, the amplifier suppressed the RIN of the laser, which is related to the saturation of the
amplifier, since the slope of the output power verses input seed shown in figure 4.4 was low due
to saturation. From (a) you can see that the f0 lock decreased the RIN in the 100 Hz–100 kHz
frequency range and added a servo bump past that range. Unfortunately, as is evident in (b), which
shows the PSD of the RIN at position frep 1, ie. after the nonlinear fiber, spectral broadening added
broadband RIN back in, removing much of the positive effect of locking f0 . Finally, (c) shows the
PSD of the RIN at position frep 1 and frep 2 with f0 locked, with the integrated RIN shown. The
integrated RIN is a measure of the square of the total fractional power fluctuations, which will allow
us to estimate the effect of the RIN on the microwave phase noise, using the AM-PM data in 4.26.
For the frep 1 light the integrated RIN was about 1.5× 10−7, which means:(
∆P
P
)
int
≈ 3.9× 10−4 (4.6)
3.9× 10−5 radians ≤ ∆φAM−PM ≤ 7.7× 10−4 radians (4.7)
Comparing 4.7 to the measured microwave phase fluctuations of 7.5× 10−5 radians, without
knowing the exact value of AM-PM for the photodiode at the photocurrent of the measurement
(7.2 mAmps), we can’t say for sure that the limitation to the phase noise of the microwaves was
due AM-PM conversion. However, it is probable that AM-PM conversion limited the measurements,
since it would be quite lucky to happen to be using the photodiode at near the minimum in the
AM-PM conversion.
If we were limited by AM-PM on the measurement at frep 1, we can see that the integrated
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RIN2 at frep 2 was much lower, around 3×10−6, so let’s look at the expected effect on the microwave
phase fluctuations. The range for the phase fluctuations due to RIN would be 1.7× 10−5 radians ≤
∆φAM−PM ≤ 3.5× 10−4 radians, which would be an improvement and could allow lower phase noise
microwaves to be measured. The possibility of lower phase noise from AM-PM conversion was
the motivation for performing further measurements on the microwave phase noise, but with the
microwave light coming directly from the laser, at position frep 2.
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Figure 4.27: RIN of the laser at various places in the path and with the laser CEO locked and
unlocked.
4.5.3 Final Microwave Measurements-November 2010
In an effort to improve the results described above, another comparison was performed
between microwaves generated by a Ti:Sapphire comb and those generated by the Yb:KYW comb
described here. This time the microwave detection light of the Yb:KYW laser (system 3, amplifier
2) was taken from the frep 2 port. For this improved measurement a different Ti:Sapphire laser was
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used, this time an octave-spanning 1 GHz Ti:Sapphire laser, called TF1 [58], which was CEO locked
with a standard f–2f interferometer. For the optical lock of TF1 a microstructured fiber broadened
the spectrum towards lower wavelengths so that a beatnote with a 578 nm cavity-stabilized laser
could be detected and locked. This optical reference is the clock laser for the Yb optical lattice
clock [9], though for this measurement the laser was not stabilized to the atomic transition.
Some other changes were made for this measurement compared to the April 2009 data. Firstly,
a different photodiode, which is PD2 from figure 4.26 was used to optically detect the microwave
harmonics from both lasers. PD2 has a pair of identical photodiodes housed in one microwave
package. The InGaAs diodes are top-illuminated with a single mode (SMF 980/1064/1550) coupling
fiber with an integrated graded-index (GRIN) lens at the end [81]. The GRIN lens shapes the
optical beam so that it illuminates the diode more uniformly, so that the beam incident on the diode
has a flat-top shape, rather than a Gaussian profile. The result of the flat top profile is a lower peak
photocurrent density for the same incident optical power. The bandwidth of PD2 is 22 GHz at 1550
nm, but it works over a broad spectral range, with a responsivity of 0.26 A/W at 900 nm.
PD2 and the microwave comparison electronics were located on the TF1 optics table for this
measurement. For this measurement the light from frep 2 was coupled into a single mode fiber to
send the light to PD1, rather than the microwave signal. This was necessary since both photodiodes
were in the same package. Additionally, for this measurement the microwave harmonics from both
lasers were isolated and compared at 10 GHz rather than at 2 GHz as before. The 54-th harmonic
of the Yb:KYW laser (operated at ∼186 MHz) was mixed with the 10-th harmonic of the ∼1 GHz
TF1 laser.
4.5.4 Photodiode Saturation
The saturation of the higher harmonics of the 186 MHz repetition rate as a function of
photocurrent was measured. Since very high harmonics of the repetition rate were detected, the
SNR on the high harmonics eventually saturated, so that increasing the photocurrent had little
effect on the SNR of the 10 GHz signal. This issue was discussed in [46] and a solution for increasing
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the 10 GHz SNR was found by cavity-filtering the comb prior to detecting the microwaves. However,
for this proof of principle with the Yb:KYW, the cavity-filtering approach was not implemented,
but instead the saturation was characterized by measuring the microwave spectrum of the PD2
output as a function of increasing Yb:KYW incident power. Figure 4.28 (a) shows the spectrum
of the Yb:KYW’s PD2 output for several different values of the photocurrent. The saturation of
the 10 GHz harmonic is evident in the graph because past 1 mA increasing the photocurrent had
much less effect on the 10 GHz SNR as it did below 1 mA. Note that the difference in the noise
level between the different traces was due to changing the reference level on the spectrum analyzer
and not a result of different optical noise levels. Another interesting feature of the spectra is the
corner frequency at ∼7 GHz for higher photocurrents, with a much faster decrease in signal past 7
GHz than below 7 GHz. Figure 4.28 shows the peak power of the 10 GHz signal as a function of
photocurrent, which shows an interesting peak, but then is essentially flat at higher photocurrents,
with a small drop after the peak.
-70
-60
-50
-40
-30
-20
-10
Po
we
r (
dB
)
20x109151050
Frequency (Hz)
Photocurrent
 0.1 mA
 0.9 mA
 2.2 mA
 4.8 mA
 6.9 mA
-38
-36
-34
-32
-30
-28
-26
-24
10
 G
Hz
 P
ea
k P
ow
er
 (d
B M
)
654321
Photocurrent (mA)
(a)	   (b)	  
Figure 4.28: The saturation of PD2 at the Yb:KYW repetition rates are shown, with (a) showing
the spectrum at various photocurrent values and (b) showing the 10 GHz peak power as a function
of photocurrent. Note that the change in noise floor between different curves was due to changes in
reference level on the spectrum analyzer, not to differences in noise floor.
With both combs CEO locked and with TF1 optically locked to the 578 nm reference and the
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Yb:KYW comb optically locked to the 1068 nm reference, and with light from each coupled into one
of the photodiodes of PD2, the microwave comparison was performed. The laser repetition rates were
too far apart to get useful information on their beat frequency (23 MHz) from counters so the phase
noise was measured. The phase noise PSD was measured with a Symmetricom 5125 Phase Noise Test
Set, which can measure the phase noise on signals of up to 400 MHz. First, let’s compare the 10 GHz
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Figure 4.29: The phase noise of the Yb:KYW vs Ti:Sapphire 10 GHz microwaves is compared
to a variety of other state of the art 10 GHz microwave sources from the literature (see text for
references). Note that, though the Yb:KYW data is not as impressive as the Ti:Sapphire data, it still
competes well with the other 10 GHz microwave sources and will probably see much improvement
when it is further developed by other groups. Work on the stabilization of Ti:Sapphire lasers has
been underway for 10 years, while so far very little stabilization work has been done with Yb-crystal
based frequency combs.
phase noise data (neglecting spurs) to a variety of commercial and research microwave references,
the phase noise of which are shown together in figure 4.29 [110, 54, 77, 27, 68, 122, 61, 190]. The
Yb:KYW 10 GHz phase noise is below most of the commercial and many of the research microwave
sources, especially at lower frequencies. The Yb:KYW frequency comb is already an excellent source
for low phase noise microwaves.
Now we shall delve into more detail on the phase noise measurements. Several different data
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Figure 4.30: The phase noise of the mixed down signal between the 10 GHz microwaves of the
locked TF1 comb and the locked Yb:KYW comb. The corresponding phase noise for a measurement
where the Yb:KYW comb was replaced with another 1 GHz octave spanning Ti:S comb is shown
for comparison, along with the comparison in the optical domain performed using TF1 to lock to
one reference and measure the other.
plots of phase noise PSD on the mixed down TF1 and Yb:KYW signal are shown in figure 4.30. For
comparison, the phase noise on the mixed down signal between TF1 and TF2, which is a similar
octave-spanning Ti:Sapphire laser. The TF1 verses TF2 comparison data was reported in [61]: for
this data TF1 and TF2 were CEO locked and separately optically locked to the same references
compared in the TF1 vs Yb:KYW measurement. Finally, for comparison to both, the graph shows
the measured phase noise of the beatnote between TF1 and the 1068 nm reference while it was
optically locked to the 578 nm reference, which should give the limit to the measurement if the
microwave photodetection were not adding any excess noise. If both measurements were limited by
the references alone, the two traces should line up perfectly. As you can see from the phase noise
plot, they do not line up; there were sources of excess phase noise above the reference lasers for
both measurements. In the next section I will describe the characterization of the noise limitations
for different ranges of the phase noise PSD.
The Allan Deviation of the mixed down signal was calculated with the phase noise PSD
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using equation B.9 from appendix B. The Allan Deviation was calculated using the Allan and
the Triangle weighting functions, the result of which is shown in figure 4.31. Additionally, the
Symmetricom test set calculates the Allan Deviation using an internal algorithm, also shown on
the graph. The microwave data from the previous 2 GHz comparison is shown for comparison.
It is evident from the graph that the instability was improved by using the frep 2 light with the
resulting lower RIN, no matter which Allan deviation calculation we compare to. For the 1 second
averaging time, the triangle weighting function gives an extremely low result of 1.1×10−15, the Allan
Deviation weighting function gives 4.9× 10−15 and the Symmetricom algorithm gives 2.6× 10−15.
This improvement is also clear when comparing the phase noise data from the two measurements
(figure 4.25 (b) compared to figure 4.31).
Figure 4.31: The Allan deviation of the mixed down signal is shown, calculated in three different
ways from the phase noise PSD, along with the data from the 2 GHz measurement for comparison.
4.6 Analysis of Noise Sources
The first attempt to track down sources of noise was by doing another measurement after
making some changes. Firstly, for the initial measurement a 10 meter long optical fiber was used
to send the Yb:KYW light to PD2 and the CEO and optical beatnote interferometers were both
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in free space without any box around them to isolate them from air flow. The optical fiber was
hung from trays attached to the ceiling for this measurement. The second data trace shown used a
five meter long fiber connecting the Yb:KYW light to PD2, ie. a factor of two shorter. In addition,
the fiber was inside of a foam tube and allowed dangled across the length between the two tables.
In addition a box for the interferometers was added to remove air flows in the interferometer as a
source of noise.
As you can see from the traces show in figure 4.30, the data match up well in most of the
frequency ranges, though they were measured with different servo settings so the higher frequency
phase noise was different for both traces and some of the spurs are different. Evidently, the protection
and length of the fiber and the interferometer air flow noise were not causing excess noise in the
measurement.
The origin of the bump in the 1-10 Hz range in the Yb:KYW vs Ti:Sapphire 10 GHz phase
noise comparison can be explained because of a measurement limitation on the mixed down frequency
between the 10 GHz signals. Figure 4.32 shows the data that was taken to explain this phenomena.
The mixed down frequency’s phase noise was measured compared to a 10 Mhz reference oscillator.
For the higher mixed down frequencies the 10 MHz oscillator was multiplied up by the phase
noise detection box, which causes the limitation on the phase noise of the measurement to also
increase. So, for higher mixed down frequencies the phase noise of the reference started to limit the
measurement in the 1-10 Hz range. Data for several mixed down frequencies is shown in figure 4.32,
showing the increasing bump size with increasing mixed down frequency.
As discussed in 4.5.2, AM-PM conversion could be a source of excess phase noise, so the next
step was the measure the RIN at the photodiode so that it could be compared to the microwave
phase noise data. The RIN data is shown in figure 4.33(a) along with the microwave phase noise
data. The RIN data was scaled so that its shape could be compared to the shape of the 10 GHz
phase noise. The phase noise due to AM-PM conversion in the photodiode is proportional to the
RIN. From the comparison we can see that AM-PM conversion could explain the phase noise in
the 10-1000 Hz range. Additionally, the RIN drops dramatically in the 1-10 Hz bump, so the RIN
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Figure 4.32: This figure shows the origin of the bump in the 1-10 Hz range, which is due to a
measurement limitation at higher mixed down frequencies between the two 10 GHz oscillators. The
optical comparison data is also shown for reference.
should not limit the measurement in that range of the phase noise PSD.
As the next step, it is a relatively simple matter to use equation 4.2 and the frep harmonic
number we were detecting in the 10 GHz measurement to predict the effect of the phase noise on the
f0 and fbeat locks on the measurement. Performing this with the fbeat and f0 in-loop phase noises
measured gave the result shown in figure 4.33 (b). The f0 phase noise determines the microwave
phase noise in the 10-100 kHz range. However, at the time of this data collection the phase noise on
the f0 lock was not optimal. When the best f0 phase noise PSD presented in section 4.3.3 is scaled
to find its potential effect on the 10 GHz microwave measurement, we see there is potential for
much better high frequency results with the already-demonstrated f0 lock. Finally, note that the
effect of the residual comb noise on the 10 GHz phase noise is also very low in the 1-10 Hz range.
This combined with the RIN data in that range are promising for decreasing the phase noise in a
111
later measurement by using a smaller mixed down frequency.
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Figure 4.33: Figure (a) shows the 10 GHz phase noise data compared to the scaled RIN. Figure
(b) shows the calculated effect of the f0 and fbeat locks on the 10 GHz phase noise, along with the
possible effect of the best f0 phase noise measurements.
The different accelerations of the two different tables could be causing phase noise on the
detected beat signal between the harmonics of the two lasers. Thus the accelerations of the two
optical tables as a function of frequency were measured with a low noise accelerometer. The resulting
acceleration and position verses frequency are shown in figure 4.34 (a) and (b). Note the difference
between the spectrum of the motion of the two tables. The table with TF1 was a floating table,
whereas the table with the Yb:KYW laser was not floating. The floating table moved the acoustic
motion in the 60–120 Hz range into the 0.8–7 Hz range.
To investigate this system further, several measurements could be undertaken. Firstly, the 10
GHz measurement should be re-done with an optimized f0 lock and with a smaller mixed down
frequency between the 10 GHz signals. Additionally, the phase noise of the Yb:KYW system both
before and after the NL fiber could be compared, which would measure noise on the Yb:KYW system
and cancel the effect of the optical reference’s noise. Also, there are ways to measure the microwaves
from frep without using direct photodetection of the microwaves, which aren’t susceptible to many
of the problems discussed, such as saturation of higher harmonics and AM-PM conversion. An
example is the balanced intensity detector method, described in [87]. Another future measurement
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Figure 4.34: Figure (a) shows the vertical acceleration of the Yb:KYW and TF2 optical tables and
figure (b) shows the position of the optical tables.
that is to lock the comb to the 1068 nm light and measure the beatnote with the 1126 nm light.
This would show the Yb:KYW comb’s true use in optical frequency metrology.
Chapter 5
Yb:KYW dispersion properties
This chapter will describe the measurement of the dispersion of the Yb:KYW crystal as a
function of pump power. The dispersion was measured using white-light interferometry. The data
show strong oscillations in the group-delay dispersion (GDD= d
2φ
dω2
) of the crystal, which can be
explained by the resonant dispersion of the underlying transitions of the Yb3+ ion.
5.1 Motivation for GDD Measurement
To obtain shorter pulses from fs-lasers, careful measurement and control of the cavity dispersion
is extremely important. As discussed in 2.2, mode-locked lasers dominated by soliton effects require
“cold-cavity” negative net GDD. The effects of the negative GDD on the pulse envelope is compensated
by the effect of self-phase modulation in one round trip. For the net cavity dispersion to be negative,
the positive GDD of the crystal is compensated with negative GDD from a prism pair, chirped
mirrors or GTI mirrors, or gratings (in Yb:fiber lasers). Thus the net negative GDD based on
equation 2.6 can be reached. To do this one first needs to know the GDD of the crystal. Thus in
the process of development of the Yb:KYW fs-laser presented in chapter 3, I measured the GDD of
the gain crystal.
The index of the host crystal, KYW, and the stoichiometric (100% doped) crystal, KYbW
have previously been measured in the optical regime at low resolution in [113, 138] and fit to an
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crystal principal refractive index A B C (µm) D (µm2)
KYW ng 3.55544 0.46438 0.15213 -0.03408
nm 3.57271 0.30991 0.17484 -0.03401
np 3.50441 0.24431 0.18268 -0.03022
Table 5.1: This table lists the Sellmeier coefficients for the KYW and KYbB crystals from [113, 138]
infrared-corrected Sellmeier equation:
n(λ) = A+
B
1− (Cλ )2 −Dλ2 (5.1)
with coefficients for the principle axes given in table 5.1.
To GVD (GVD is GDD per unit length) is related to the second derivative of the index as
follows [48]:
GVD =
(
λ
2pic
)
1
c
(
λ2
d2n
dλ2
) ∣∣∣∣
λ0
. (5.2)
The calculated host KYW GVD is ∼240 fs2/mm with E‖Nm and ∼250 fs2/mm for E‖Ng in
the 1000-1100 nm range. The GVD decreases with increasing λ, but over the 1000–1100 nm range
it only decreases ∼ 30 fs2/mm. The crystal used in the fs-laser is cut for E‖a, which is 15◦ from Nm
towards Ng, so as a first guess one would assume that the GVD would be 240–250 fs2/mm.
However, there is also the effect of the Yb3+ ions to consider. The general energy level
structure for theYb3+ ion was already presented in 2.6, with several strong transitions close to one
another contributing to the gain and absorption. Figure 5.1 shows the energy levels for the Yb3+
ion inside of the KYW host, with wavelengths for the relevant transitions given, in particular the
1025 nm and 1040 nm laser transitions.
Based on the Kramers-Kronig relations, one could expect resonant index behavior at the
transitions wavelengths. Figure 5.2 shows the effect of a hypothetical gain or absorption feature
on the index and the GVD. When a transition goes from absorption to gain, it causes a change
in the slope of the index and GVD at the transition center. This behavior will be important in
interpreting the Yb:KYW GVD data. The lower lasing transitions are thermally populated when
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Figure 5.1: The energy levels for Yb:KYW are shown, with the wavelengths of the transitions of
interest for lasing given. Also shown are the room temperature Boltzmann populations of the lower
manifold’s energy levels.
the pump is off and therefore act as absorbers. This situation is reversed as the pump is increased
to create an inversion.
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Figure 5.2: Figure (a) shows the index of refraction near a sample gain or absorption and (b) shows
the corresponding GVD.
5.2 White Light Interferometry Measurement of the Dispersion of optically-
pumped Yb:KYW
The GVD of a Yb:KYW crystal was measured using white-light interferometry, as described
in detail in [43]. In general, a white-light source is inputted into a balanced Michelson interferometer
with one arm containing the unknown sample having a phase delay as a function of frequency of
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φs(ω). A simple white light interferometer is shown in figure 5.3(a). The end mirror in one arm of
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C 
Figure 5.3: (a) shows a general schematic for a white light interferometer and (b) shows a sample
interferogram as a function of time when the end mirror is moved through zero delay. (c) shows a
close-up view of the fringes. BS=beam splitter, C=compensator, PD=photodiode
the interferometer is moved sinusoidally, causing a delay to the light that traverses that arm. The
delay is linear near zero. The light from the two arms interferes at the photodiode, which detects
an interferogram such as shown in 5.3(b). The detected interferogram as a function of delay, I(τ),
is a time-correlation between the light from the two arms. A Fourier transform of the interferogram
takes the data to frequency space, where the correlation becomes a multiplication. Thus the the
input spectrum, |E˜(ω)|2, the samples absorption/gain, As(ω), and φs(ω) are related by
F{I(τ)} = |E˜(ω)|2As(ω)eiφs(ω), (5.3)
Only the positive frequency component is considered for brevity, as the information obtained from
each is the same. The GDD of the sample is the second derivative of φs(ω), with respect to ω.
The “white-light” source used to measure the GDD was the 174 MHz Yb:KYW fs-laser
oscillator described in chapter 3. The Yb-fiber amplifier (amplifier 1) increased the power, broadened
the spectrum and added a temporal chirp to the light. The white light spectrum, shown in figure
5.4, had a 24 nm FWHM centered at 1038 nm, which limited the range over which the GDD could
be measured. A He-Ne beam was combined with the white light for calibration of the interferometer
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delay using the He-Ne fringes. One arm of the Michelson interferometer consisted of a GTI laser
mirror, two concave, R=3 cm, chirped mirrors (M1 and M2) with a Brewster cut, 1.2 mm thick,
E‖a 10 at.-%-doped Yb:KYW crystal in between and a protected silver end mirror. The Yb:KYW
crystal was held in a copper and brass mount water cooled to 9◦C. The Yb:KYW crystal was
pumped by the same type of 980 nm laser diode as the Yb:KYW fs-laser (PM-fiber coupled and
FBG stabilized), with up to ∼700 mW of power at the maximum available current, 1 Amp. The
pump power was varied during the experiment to measure the crystal’s GDD at several values. The
pump light was focused with an f=3 cm lens and spatially overlapped with the input white light at
the crystal. Since the white light beam was focussed tighter and had a larger initial beam diameter,
it sampled the crystal near the center of the pump spot. The second interferometer arm had its end
mirror on a movable stage which was sinusoidally driven with a voice coil. The output He-Ne light
was sent to one detector and the output white-light to a second. An oscilloscope simultaneously
measured the voltage vs. time interferogram, seen when the path lengths of the arms overlap and
the HeNe fringes. The voltage signals were analyzed on a computer to find the phase difference
between the two arms. In addition to taking several interferograms at each pump power, the crystal
was also removed so that the GDD contribution of M1, M2 and the GTI mirror could be measured.
The computer averaged the calculated phase for 100 oscilloscope traces for each total trace
time and then calculated the GDD verses λ. The oscilloscope total trace time was varied 2–4 times
at each pump power. The GDD was then interpolated to an evenly-spaced wavelength grid, allowing
averaging of the different traces. The GDD contributions of the mirrors were subtracted from the
total GDD to isolate the GDD of the crystal. Dividing by the crystal length gives the GVD, with
the data shown in figure 5.5.
The Yb:KYW GVD has strong oscillations, with amplitudes that increase with increasing
pump power. This is true until saturation is achieved at 5˜00 mW of pump power. The resonant
transitions at 1025 nm and 1040 nm are shown to emphasize the slope of the GVD curve, which
changed from slightly negative to positive as the pump power increased. This is consistent with the
general behavior of absorption and gain from figure 5.2.
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Figure 5.4: This figure shows the specific schematic for the Yb:KYW crystal GDD measurement.
BS=beamsplitter, C=compensator, M1 and M2 are custom designed mirrors from REO, described
in chapter 3, SM= silver mirror, DC=dichroic beamsplitter
5.3 Fits to a model for resonant dispersion
To fit the data the same basic model applied to Yb3+-doped fibers in [6] was used, but only
the transitions between the manifolds shown in figure 5.1 were considered. In fact, a good fit to
the data was obtained by only taking into account the transitions at 1025 nm and 1040 nm, which
were fixed in all the fits. There can also be a change in overall GVD because of UV transitions, but
the slope of this effect is assumed to be negligible across our spectral range, resulting in a constant
GVD background that changes with pump power. In general, a resonant Lorentzian transition i→ j
causes a change in index at a signal frequency ωs given by:
δnij = Afijλij(
1
pi
2ωij(ω2ij − ω2s)
(ω2ij − ω2s)2 + (ωsδωij)2
)(Ni −Nj), (5.4)
which adds to the index of the surrounding medium, n0. In this equation ωij and λij are the
frequency and wavelength of the transition with corresponding linewidth δωij . Ni and Nj are the
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Figure 5.5: This figure shows the averaged data for several power values, with a clear trend towards
increasing oscillation amplitude at higher pump powers, as indicated with the arrows. The two
vertical, dashed lines show the wavelengths of the two transitions of the Yb3+ ion in the range of the
measurement. The near-horizontal dashed line indicates the expected GVD from the KYW host.
initial and final state population densities while fij is the transition oscillator strength and A is a
constant. In reality only one constant in front of the equation can be fitted, so without a priori
knowledge of the oscillator strengths or population densities, they cannot be differentiated.
The index contribution of the resonance causes a GVD contribution via 5.2. The data was fit
to this model, letting δωij , the constant background, and the product Afij(Ni −Nj) vary. The fits
converged for the high power data, indicating the dominant behavior is due to this resonant effect.
The fits are shown with the data in figure 5.6. The lower pump power data could not be fit with
this model because of the unusual GDD behavior at the edges of the data, which are probably just
an artifact since the white light spectrum starts to run out of power there. The peak near 1020 nm
that disappears with increasing pump power might be due to the peaks at 980 nm or 1000 nm, but
more data near those resonances would be needed to determine this.
This method measured the GDD of the pumped crystal, yet the results of this measurement
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Figure 5.6: The fits to the model of a Lorentzian two-level gain/absorption for the higher power
data are shown.
will not correspond to the GVD of the pumped crystal while lasing inside of a cavity due to gain
clamping. The gain will clamp at the net cavity loss, in steady-state operation. Higher output
couplers would be expected to enhance these GVD changes. From the GDD data, due to the slope
change at the resonances it is clear that the switch from absorption to gain happened somewhere
between zero pump power and 64 mW of pump power, at least, in the part of the crystal measured.
With the measured DC voltage on the white-light PD from the Yb:KYW arm, assuming 50 mW for
transparency, the gain of the white-light was calculated and the gain verses pump power is shown in
figure 5.7. From this graph we can see that about 100 mW pump power is needed to reach 5% gain,
which is the percentage of the output coupler in the SESAM mode-locked Yb:KYW laser described
in chapter 3.
From the gain data we can probably assume that in a typical laser with <10% total loss, the
data at 155 mW of pump power is a good estimate for the impact of the resonant GDD on the laser.
The oscillations for the 155 mW pump power data have peak-to-peak amplitude of ∼200 fs2 in the
measured range. These oscillations are not nearly as large as the higher pump power traces, but
they still represent significant changes in the crystal’s GVD over the range measured. The potential
problem with the oscillations is that they could cause higher order dispersion terms which are hard
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Figure 5.7: The white-light gain on going through 1.2 mm crystal is shown as a function of pump
power. This graph is based on the assumption that the DC voltage detected at 50 mW of pump
power corresponds to gain=1, ie. crystal transparency.
to correct.
Although the strength of these GVD changes in an operating laser is dependent on cavity
losses, the slope will always change from negative to positive at the resonances as the pump brings
about an inversion. The highest net third order dispersion (TOD) due to the resonant dispersion
will be at the wavelengths where the gain is maximal, limiting the bandwidth of the laser if operated
near the resonances [7]. One solution is to operate the laser in a flatter part of this range, such as
at 1030 nm or beyond 1045 nm. Another possible solution, once this effect is fully documented and
the gain of the crystal at the desired operation is known, is to design GTI or chirped mirrors to
cancel out the TOD contribution, leading to a flat net cavity GDD and hopefully to shorter pulses.
Finally, this effect also offers support for the use of smaller OC percentages, which require smaller
steady-state gain from the crystal and thus flatter dispersions. Lower OC percentages also give
smaller timing jitter for the pulse position [87]. Unfortunately, in the fs-laser described in chapter 3,
the OC percentage needed to be 5% to allow shorter pulses before the onset of multiple pulsing.
However, we shall see in chapter 6 that for a GHz KLM Yb:KYW fs-laser a 0.4% OC will be used
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to increase the intracavity power to increase the Kerr lensing. So for KLM Yb:KYW fs-lasers there
are several reasons to keep the OC percentage low.
One might wonder why this effect is so strong for this crystal but has not been measured
in other fs-laser crystals. For one resonance, larger linewidths and small oscillator strengths or
inversions would make the size of the resonant GVD smaller. For a more complicated energy diagram
with many close transitions, there could be some cancellation. In addition, in a glass or disordered
crystal, the ion’s will have different center wavelengths depending on their microscopic environment,
which will also lead to cancellation of some of this effect, especially if the heterogeneous linewidth
is larger than the homogeneous linewidth. In this crystal, the energy structure is simple and the
transitions are very strong; this combined with the change from absorption to gain due to the
quasi-3-level energy structure cause these noticeable changes in the resonant GVD.
In conclusion, the GVD of 10 at. % doped Yb:KYW at various pump powers was measured
using white-light interferometry. The GVD exhibited strong oscillations in the lasing range of
1020–1050 nm which increase with pump power until saturation, with the largest slope at the 1025
nm and 1040 nm resonances, where the gain is maximum. In a laser this effect will increase as the
cavity loss increases due to gain saturation.
Chapter 6
Towards a GHz Yb:KYW fs-laser
Back in chapter 2.4 a variety applications of frequency combs were presented in section 2.4.
Many of the applications benefitted from high repetition rate frequency combs. In this chapter I
will describe my work towards a ∼1 GHz repetition rate Yb:KYW fs-laser. Firstly I will present my
results on a Kerr lens mode-locked Yb:KYW ring laser. Secondly, results using a method of cavity
filtration in combination with amplification will be presented.
6.1 An 800 MHz, Kerr-lens mode-locked Yb:KYW fs-laser
As previously mentioned, there have been a couple demonstrations of GHz Yb:KYW or
Yb:KGW fs-lasers reported in the literature. In 2009 a KLM 1 GHz Yb:KYW fs-laser was reported
by Wasylczyk and coworkers [180]. Their fs-laser gave output spectra of 5.2 nm at 1047 nm, which
would support pulses of 200 fs, though the pulse length was not directly measured. Using 585 mW
of 980 nm single mode laser diode pump power, they obtained 115 mW of mode-locked power, an
optical to optical efficiency of 25%. In 2010 a SESAM mode-locked 1 GHz Yb:KGW fs-laser was
reported by Pekarek et. al. [136]. Their laser was pumped by a 5.5 W DBR-TDL (distributed Bragg
reflector-tapered diode laser) pump at 980 nm, a specialty pump source with narrow linewidth and
large, TEM0.0 power. The average output power was 1.2 Watt with pulse lengths of 281 fs at 1041
nm. The optical to optical efficiency was thus 20%. Though the amount of peak power from their
laser is enough for direct generation of an octave-spanning spectrum, the broadband noise from
direct octave-generation with this laser will likely hinder CEO locking. I can predict this because I
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had these problems when I tried CEO locking with ∼300 fs pulses; see 3.8 for details.
In designing and building a high repetition rate Yb:KYW fs-laser, I chose the KLM route
rather than using a SESAM. Firstly, the lower limit on the pulse width due to multiple pulsing with
the SESAM mode-locked system was problematic. Although it was possible to obtain good comb
results as I presented in chapter 4, the work around was not ideal. Additionally, the nonsaturable
loss of SESAM’s leads to lower optical to optical efficiency.
OC	  M3	  
M2	  
M1	  
Yb:KYW	  
laser	  diode	  
d1	   d2	  
Figure 6.1: The schematic for the 800 MHz KLM Yb:KYW fs-laser is shown. OC=output coupler
A Yb:KYW bowtie ring laser was constructed, as shown in figure 6.1. The gain medium
was a 10 at. % doped Yb:KYW crystal Brewster cut for E‖a. The thickness of the crystal was 1.2
mm. M1 and M2 were both R=3 cm concave mirrors. M1 was one of the custom designed mirrors
made by REO and described in chapter 3. M2 was a GTI mirror from Layertec with a GDD of
∼ −800± 100 fs2 at 1040± 10 nm. M2 had a reflectivity of > 99.9% for 0–10◦ AOI for 990–1180 nm.
M3 was a flat REO mirror and the OC was 0.4% for 1040±50 nm. For mirror data see appendix C.
The pump laser diode was of the same type used for the SESAM mode-locked laser, described in 3.3
(PM coupled, FBG stabilized, ∼600 mW).
After initially aligning the laser to minimize the CW threshold power, the distances d1 and
d2, shown in the figure, were adjusted to find the position where KLM was initiated. The laser
didn’t self-initiate mode-locking, but once it was well aligned it would start mode-locking as soon as
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the translation stage for M2 was adjusted to the right distance. Even the small perturbation from
turning the translation stage micrometer was large enough to initiate KLM. The average output
power was 145 mW. The laser’s repetition rate was 800 MHz.
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Figure 6.2: Several output spectra for the 800 MHz Yb:KYW fs-laser are shown, for various
alignment of the M2-crystal distance, on both a linear (a) and logarithmic (b) scale.
Figure 6.2 shows several output spectra from the fs-laser, with the maximum measured FWHM
bandwidth of 7.7 nm centered at 1049.3 nm. The other spectra have FWHM=5.9 nm centered
at 1050.4 nm and FWHM=4.8 nm centered at 1050.8 nm, though breakthrough CW radiation is
evident in this last spectrum. Additionally, there is a longer wavelength peak in the spectrum at
1070–1080 nm whose location and power change. This wavelength is not a known transition for the
Yb3+ ion in KYW. The three spectra correspond to minute differences in d2.
The intensity autocorrelation of the pulsed output for the 5.9 nm and 4.8 nm spectra are
shown in figure 6.3(a) and (b), respectively, with their pulse lengths and fits assuming a sech2
intensity profile shown. Already the pulse lengths of 213 fs and 232 fs were shorter than those
obtained with the 180 MHz SESAM mode-locked system, without effort to optimize them. The
autocorrelation of the fs-laser when its spectrum was 7.7 nm broad was not measured, but the
transform-limited pulse length, assuming a sech2 intensity profile, is 150 fs. This information is
compiled in table 6.1. At the pulse energies and lengths achieved, amplification would be required
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for octave generation, which was already confirmed by coupling the light into a microstructured
fiber.
(a)	   (b)	  
τp=213	  fs	  
τp=232	  fs	  
Figure 6.3: The intensity autocorrelation of the output from the fs-laser corresponding to the 5.9
nm spectrum (a) and the 4.8 nm spectrum (b) are shown.
There are many options to explore with this system. Firstly, a second pump diode could be
added to pump the other side of the crystal. Isolators would be required to ensure that both of the
pumps could be aligned well without cross-talk, since the pump alignment is crucial for KLM. More
pump power would increase the average intracavity power; higher intracavity power would increase
the average power and could decrease the pulse length due to the Kerr nonlinear pulse shaping.
Another option for increasing the pump power to to use the DBR-TDL type of pump used in [136].
At 5.5 Watts, it should provide much more stable mode-locking behavior, much increased average
powers and possibly decreased pulse lengths. A longer crystal with a smaller doping concentration
could be also used to increase the nonlinearity. If a large enough pump power is available and the
sacrifice to the efficiency is not an issue, an E‖b orientation of the Yb:KYW crystal could be used.
This orientation has a higher emission bandwidth than the E‖a used in the laser described above,
but also a lower absorption and emission cross section.
In conclusion, a 800 MHz Yb:KYW fs-laser was mode-locked using KLM with 145 mW of
average output power and a maximum spectral bandwidth of 7.7 nm, with an expected pulse length
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λ0 ∆λ τp measured TBWP (∆ντp) τp transform-limit
1049.3 nm 7.7 nm none none 150 fs
1050.4 nm 5.9 nm 212 fs 0.34 200 fs
1050.8 nm 4.8 nm 232 fs 0.30 240 fs
Table 6.1: The spectral bandwidth, measured pulse lengths, time bandwidth product (TBWP) and
expected pulse lengths for a transform-limited sech pulse are shown for the three measured spectra.
Most likely the un-physical result for the TBWP of the 4.8 nm spectrum is due to the instability of
the fs-laser, with the laser output changing between when the spectrum and autocorrelation were
recorded.
of 150 fs. Further research could lead to a GHz frequency-stabilized Yb:KYW comb.
6.2 Simultaneous Repetition Rate Multiplication and Amplification of Yb:KYW
by Injection Locking
Another route to high repetition rate combs is cavity filtering of lower repetition-rate frequency
combs, which has been employed for Ti:Sapphire and Er:fiber frequency combs [23, 104, 139]. In this
method, a high-finesse cavity is locked to the Nth harmonic of the input pulse train. The result is a
pulse train at N×frep, i.e. only every Nth comb tooth makes it through the cavity. Unfortunately,
this filtering process is inefficient; to increase the repetition rate by a factor of N, the average output
power is decreased by 1/N and the peak power is decreased by 1/N2.
While amplification in Er and Yb optical fibers is straightforward near 1550 nm and 1030
nm, different approaches must be employed at Ti:sapphire wavelengths. In 2008 Paul, et al.
introduced the technique of an injection-locked amplification cavity for high-power amplification at
high repetition rates [133]. For the work presented in this section, this approach was extended to
simultaneous repetition rate multiplication by injection locking an amplification cavity of length
L/N, where L is the length of the original (master) laser cavity. Injection locking with filtering was
successfully applied to increase the repetition rate of a pulse train by a factor of 5, while achieving
sufficient gain to overcome the intrinsic loss of the filtering process.
Since I had available a Yb:KYW system at low repetition rate and another cavity at higher
repetition rate, Yb:KYW was employed as a testbed for this technique. The femtosecond seed
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laser was system 1 as described in chapter 3 at frep =174 MHz . Figure 6.4 gives a schematic for
the measurements. The 174 MHz light was coupled into a single-mode fiber, where it experienced
nonlinear broadening to 19 nm optical FWHM and temporal broadening to 1.2 ps. About 100 mW
after the nonlinear broadening and subsequent optical isolator were available for coupling into the
filtration and amplification cavity (FAC). A chirped pulse train as input to the FAC minimizes
nonlinear effects.
174	  MHz	  	  
Yb:KYW	  
980	  nm	  LD 
OI	  OI	  
op8cal	  ﬁber	  
5°	  glass	  wedge	  
1	  GHz	  PD	  
OSA	  
PD	  
PZT	  
RF	  
spectrum	  
analyzer	   Servo	  electronics	  
Yb:KYW	  
5x	  ﬁltra)on	  and	  ampliﬁca)on	  cavity	  
OC	  
λ/2	  BS	  BS	  
M1 
M3 
M2 
Figure 6.4: Schematic for the measurements. The output of a 174 MHz Yb:KYW fs-laser was
broadened in optical fiber and injected into an 870 MHz Yb:KYW laser cavity. The output optical
spectrum, power, and RF spectrum were measured while the two cavities were locked using a dither
lock. OI=optical isolator, PD=photodiode, OSA=optical spectrum analyzer, OC=output coupler,
LD=laser diode.
This light was mode-matched to an 870 MHz = 5×174 MHz cavity with a bowtie configuration.
A 980 nm fiber-coupled, diode pumped the Brewster cut for E‖a, 1.2 mm thick, 10 at. % Yb:KYW
crystal as the source of gain in the cavity. The R = 3 cm curved mirrors, M1 and M2, focused
the cavity mode in the crystal to a calculated spot size of 15 microns. Each of the cavity mirrors,
except for the output coupler (OC), had a GDD of about - 50 fs2 per bounce. Combined with the
GDD of the glass wedge and the unpumped Yb:KYW, the average round-trip GDD was about +80
fs2. As a general rule, non-zero net cavity GDD (and higher order dispersion) limits the optical
bandwidth of the comb that can be coupled into a cavity. The FAC had a 5◦ glass wedge (with one
side at Brewsters angle) as an input coupler, while the OC value was varied from 1.6% to 10%. The
wedge gave a constant 0.6% input coupling and added an unused output-coupling channel of 0.6%.
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Part of the FAC output light went to a photodiode (PD). A piezoelectric transducer (PZT) attached
to a mirror in the FAC locked the cavity to the input pulse train using a dither lock. Some of the
FAC output light also went to an optical spectrum analyzer and a 1 GHz PD. An RF spectrum
analyzer measured the RF spectrum of the output pulse train.
The output optical and RF spectrum and the average output power were recorded for the
locked FAC cavity at various pump powers and OC values. Figure 6.5 shows the output power
verses pump power on a log-linear scale. Despite the fact that 4/5 of the input light was not coupled
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Figure 6.5: Output power from filtration and amplification cavity (FAC) versus pumping power to
the cavity.
into the cavity, the output power was increased to about 2.5 times the input power. The trade off,
at least in this system, was in optical bandwidth. Figure 6.6(a) shows the optical spectra of the
output light for a single OC of 5% while the pump power was increased, and figure 6.6(b) shows the
FWHM of the optical spectra versus pump power for different OC values. This graph demonstrates
not only a trend of decreasing FWHM for increasing OC percentage, but also, the trend of the
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FWHM at first decreasing with increasing pump power, then later increasing with pump power. The
initial decrease in the FWHM seen here may be explained by the increase in the photon lifetime of
the active cavity around and below lasing threshold as the pump power is increased, thus increasing
the effective cavity Finesse and more strongly filtering the incident spectrum. The turn around
above 200-300 mW pump is not well understood.
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Figure 6.6: (a) Sample spectra (on dB scale) showing the narrowing of the FWHM as the pump
power increases. (b) Output optical FWHM verses pump power for those same OC values
The suppression of the unwanted modes in a cavity-filtered comb is of importance for many
applications. Using the measured RF spectra, the suppression of the 174 MHz peak was determined
compared to the 870 MHz peak (e.g. figure 6.7(a)). Note that the suppression of the optical modes
should be 6 dB greater than this RF value. The RF suppression in dB verses input pump power
for the various OC values is plotted in figure 6.7(b). The graph shows that, for a single pump
power, increasing the OC caused a decrease in the suppression. The trend is logical since the cavity
finesse was lowered. A maximum suppression of 44 dB occurred with a 1.6% OC and 408 mW of
pump power. As expected, the large OC values that gave larger output powers, also gave smaller
suppression at the same pump powers in addition to the already mentioned lower optical FWHM.
In this system, there was a trade-off between the output power and the FWHM and suppression.
Some of this trade-off might be due to characteristics of the Yb:KYW crystal, with its narrow gain
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Figure 6.7: Fig. 4: (a) A sample RF spectrum showing how the suppression of the input repetition
rate was calculated. (b) The resulting microwave suppression (in dB) versus pump power for the
different OC values, as indicated next to each trace.
spectrum and resonant GDD contributions. Comparing these results to similar measurements in
Ti:Sapphire and other fs-laser sources would prove valuable in determining the more fundamental
limits to this technique.
In conclusion, simultaneous repetition rate multiplication and amplification was performed.
The output of a lower repetition rate Yb:KYW fs-laser was filtered by a factor of 5. Though the
results for this system are less than stellar, this demonstration shows that this could be a useful
concept, though perhaps with better result for Ti:Sapphire or other broadband systems.
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Appendix A
Background in Electromagnetic Waves: Linear and Nonlinear Pulse
Propagation and Dispersion and its Compensation
I’ve assumed a strong background in ultrafast optics in my thesis so far, but in this appendix
I will present the basic background for those who need it.
A.0.1 Pulse propagation in linear dielectric media derived from Maxwell’s equa-
tions
This section will present a derivation of the basics of pulse propagation from Maxwell’s
equations, mainly following the derivations in [48, 2].
As is well-known in physics, Maxwell’s equations govern the behavior of electric and magnetic
fields. Consider electromagnetic wave propagation in an isotropic dielectric medium with a polariza-
tion separable into a linear and nonlinear polarization response, i.e.
−→
P (~r, t) =
−→
P NL(~r, t) +
−→
P L(~r, t)
When ρf = 0 and
−→
J = 0, and assuming ∇ ·−→P NL(~r, t) = 0 Maxwell’s equations (in SI units) convert
to the following 3D wave equation for the electric field
−→
E =
−→
E (~r, t):
∇2−→E − 1
c2
∂2
−→
E
∂t2
= µ0
∂2
−→
P L
∂t2
+ µ0
∂2
−→
P NL
∂t2
, (A.1)
where c is the speed of light in a vacuum and µ0 the vacuum permeability. The polarization responses
in the time-domain are convolution integrals of the medium’s susceptibility, χ, with the electric field
because the response of the medium is not instantaneous. For example, the linear term is:
−→
P L(~r, t) = 0
∫ t
−∞
χ(1)(t− t′) · −→E (~r, t′)dt′, (A.2)
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where 0 is the vacuum permittivity.
Let’s apply equation A.1 to the specific case of pulse propagation in a linear dielectric
medium by removing the nonlinear polarization term. Later we will add back the nonlinear term.
Considering the specific case of linearly-polarized plane-wave light propagating in the z-direction, ie.
−→
E = E(z, t)xˆ, allows equation A.1 to be simplified to:
∂2
∂z2
E(z, t)− 1
c2
∂2
∂t2
E(z, t) = µ0
∂2
∂t2
PL(z, t). (A.3)
Going to the frequency domain via a Fourier transform, the relationship between χ and E
from A.2 becomes linear, for example:
P˜L(z, ω) = 0χ(ω)E˜(z, ω). (A.4)
A tilde indicates a frequency-domain function, which can be related to the corresponding time-domain
function by the Fourier transform:
E˜(z, ω) = F{E(z, t)} =
∫ ∞
−∞
E(z, t)e−iωtdt
E(z, t) = F−1{E˜(z, ω)} = 1
2pi
∫ ∞
−∞
E˜(z, ω)eiωtdω.
Taking the Fourier transform of equation A.3 and using A.4 and (ω) = [1 + χ(ω)] 0, we
obtain
[
∂2
∂z2
+ ω2(ω)µ0
]
E˜(z, ω) = 0
A solution of the form
E˜(z, ω) = E˜(0, ω)e−ik(ω)z
satisfies the above equation if
k2(ω) = ω2(ω)µ0 =
ω2
c2
n2(ω).
Note that k and n are both complex, where the imaginary part indicates absorption/gain. We can
rewrite this equation by expanding k(ω) about ω0, the center frequency of the pulse spectrum, so
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that
k(ω) = k(ω0)+δk = k0+
dk
dω
∣∣∣∣
ω0
(ω−ω0)+ 12
d2k
dω2
∣∣∣∣
ω0
(ω−ω0)2+. . . = k0+k1(ω−ω0)+ 12k2(ω−ω0)
2+. . .
(A.5)
and
E˜(z, ω) = E˜(0, ω)e−ik0ze−iδkz.
Now we start to make some further assumptions. We will assume that the bandwidth of
the pulse is small compared to the frequency, i.e. δω  ω0, which allows separation of a slowly
varying envelope from the fast carrier oscillations, often referred to as the slowly varying envelope
approximation (SVEA). It can also be interpretted as saying the envelope should not change
significantly as the pulse travels the length of one wavelength. This assumption allows us to write
the slowly varying envelope as:
E˜(z, ω) =E˜ (0 , ω)e−iδkz . (A.6)
This is an important result. The easiest way to mathematically propagate a pulse which
conforms to the SVEA is by going into the frequency domain (F) first, multiplying by the phase
factor e−iδkz, then going back to the time domain (F−1).
E(z, t) = F−1e−iδkzE(0, ω) = F−1e−iδkzFE(0, t) (A.7)
This method works as long as the SVEA is valid, i.e. the pulse bandwidth is small compared
to the center frequency. The pulse bandwidth, ∆ωp, is defined as the full-width at half-max (FWHM)
of E˜(0, ω). For linear propagation the pulse bandwidth doesn’t change as the pulse propagates,
only the phase verses frequency changes. This result is obvious considering the the propagation is
through loss/gain free linear medium.
The full solution to the equation A.3 from the SVEA can be written in the time domain by
use of the Fourier transform:
E(z, t) = E(z , t)ei(ω0 t−k0 z ), (A.8)
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which has the general form of a plane wave that modulates the slowly varying envelope.
Another possible approximation that is valid for pulses down to the single-cycle regime is the
slowly evolving wave approximation (SEWA), introduced in [21]. In the SEWA the envelope and
the relative carrier phase both must stay the same over a propagation distance of a wavelength, but
the bandwidth of the pulse is not limited, which is why it can work down to single cycle pulses. For
propagation in linear, absorption-free media, the result for the propagation of the envelop is the
same as above, but for propagation of single-cycle pulses in nonlinear media, the SEWA should be
used to describe pulse propagation, with the equation for the envelope given in [21].
There are two common ways of representing the phase accumulated by a pulse, either in
terms of the total phase accumulation or the phase accumulated per unit length (i.e. with units of
1/mm, for example). Both methods use an expansion about ω0, just like equation A.5. The two
expansions are related by φ = kd. The expansion of the phase about ω0 is:
φ(ω) = φ0 +
dφ
dω
∣∣∣∣
ω0
(ω − ω0) + 12
d2φ
dω2
∣∣∣∣
ω0
(ω − ω0)2 + . . . . (A.9)
The phase expansion coefficients are known as the group-delay (GD), group delay dispersion
(GDD), third order dispersion (TOD), fourth order dispersion (FOD), etc, as follows:
GD =
dφ
dω
∣∣∣∣
ω0
= k1d
GDD =
d2φ
dω2
∣∣∣∣
ω0
= k2d
TOD =
d3φ
dω3
∣∣∣∣
ω0
= k3d.
with the group-delay (Tg) having units of fs, the GDD having units of fs2, etc. In the expansion of
k(ω), equation A.5, the first order term is related to the group velocity, vg, the velocity at which
the pulse envelope travels:
1
vg
=
GD
d
= k1 =
dk
dω
∣∣∣∣
ω0
the second order term, i.e. GDD/d is called the group-velocity dispersion (GVD), which is just the
GDD per unit length, typically given in fs2/mm for glasses or crystals. The phase velocity, vp(ω) is
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the velocity at which a monochromatic wave of frequency ω travels, which is given by
vp(ω) =
ω
k(ω)
=
c
n(ω)
.
The equations used above were specific to linear dielectric materials, so the dispersion we are
considering at the moment is called material dispersion. However, any source of a non-zero second
derivative of the phase with respect to the frequency is also a source of GDD. Since most dielectric
materials found in nature have positive GVD for λ < 1300 nm, we definite a positive GDD value as
“normal” GVD or “normal dispersion”. Normal GVD causes blue light to slow down compared to red
light. We then define negative GVD as “anomalous dispersion.” Anomalous dispersion for λ < 1300
nm usually requires a source of GDD that is not material dispersion, for example, angular dispersion,
which will be discussed later in this chapter. But the overall effect of GDD on the pulse envelope is
the same regardless of the source of the GDD, since it is defined in terms of the expansion above.
A.0.2 Fourier Transform-Limited Pulses
We define the pulse length, τp, as the full-width at half-max (FWHM) of the pulse intensity
in the time domain, E(z, t)|2. If the pulse length is as short as possible for a given pulse spectral
bandwidth, ∆ωp we call the pulse transform-limited, since this fundamental limit is a consequence
of Fourier transforms. The transform-limited pulse width depends on the pulse/spectral envelope
shape, with the general Fourier-limit definition:
∆ωpτp ≥ 2pib
with the constant b depending on the pulse shape.
Two relevant pulse shapes for this thesis work are the gaussian, mostly because it is analytically
simple, and the sech, which is the pulse shape for solitons, to be discussed later. For a Gaussian-
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shaped pulse, the following holds:
|E(0, t)|2 = e−2
“
t
τG
”2
(A.10)
|E˜(0, ω)|2 = e−(ωτG2 )
2
(A.11)
τp = 1.177τG (A.12)
b = 0.441 (A.13)
τAC
τp
= 1.414, (A.14)
where τAC will be explained below. For a sech-shaped pulse:
|E(0, t)|2 = sech2( t
τs
) (A.15)
|E˜(0, t)|2 = sech2(piωτs
2
) (A.16)
τp = 1.763τs (A.17)
b = 0.315 (A.18)
τAC
τp
= 1.542. (A.19)
Pulses which are not transform-limited are called chirped because as a result of pulse
broadening from negative or positive GDD, their frequency changes across the pulse envelope.
Normal dispersion causes a transform-limited pulse to become down chirped, since blue goes slower
than red, whereas anomalous dispersion causes the pulse to be up-chirped.
To measure the pulse length experimentally extreme time resolution is needed compared to
the electronic resolution limits. To make an electronic signal for the pulse which can be measured
the optical pulse of ∼ 10× 10−15–10−12 seconds length has to be converted to an electronic pulse
that can be measured by ”slow” oscilloscopes, ie. with < 1 GHz bandwidth. The simplest way to
do this is by taking an intensity autocorrelation of the pulse:
Ac(τd) =
∫ ∞
−∞
|E(t)|2|E(t− τd)|2dt,
where τd is a delay between two copies of the pulse.
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In the lab we use an beamsplitter to separate the pulse into two arms of an interferometer.
One arm has a moving mirror so that the delay can be linearly scanned. This is best done in a
background-free detection scheme, such as shown in figure A.1. If the FWHM of the intensity
PD	  
NL	  
BS	  
2ω	

ω	

Input	  pulsed	  	  
light	  
Figure A.1: A schematic representation for the measurement of the intensity autocorrelation of the
incoming pulsed light. NL=nonlinear crystal, BS=beamsplitter, PD=photodiode
autocorrelation, τAC is measured, τp can be calculated depending on the pulse shape, with the
relation between the two for Gaussian- and sech-shaped pulses given above.
A.0.3 Pulse broadening
For a Gaussian-shaped pulse already described in A.14 if we start with an initially Fourier-
limited (unchirped) pulse, a simple analytic expression for the dependance of the pulse length on
the GDD and the initial transform-limited pulse length, τp,0 can be written:
τp(GDD, τp,0) = τp,0
√
1 +
GDD2
4(τp,0/1.117)4
. (A.20)
The gaussian pulse has a simple analytic expression; it allows the general pulse broadening
behavior to be determined. For any specific pulse propagation situation, the specific pulse shape will
affect the result. Figure A.2 shows τpτp,0 of Gaussian pulse as a function of GDD for several different
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initial pulse lengths, on a logarithmic scale. For longer initial pulses, the relative broadening is
much less than for shorter initial pulses. This is one distinct advantage I have in working with
longer pulses of ≥ 100 fs for this thesis work; small amounts of GDD will not adversely affect the
pulse length. For shorter pulses, careful attention to dispersion management is needed, even outside
of the fs-laser cavity.
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Figure A.2: The amount of pulse broadening for different Gaussian pulses is graphed as a function
of GDD for different initial pulse lengths.
A.0.4 Negative GDD using angular dispersive elements-dispersion compensation
Looking a prism in a window, with the white light of the sun coming through the window,
teaches the observer that some optical elements cause separation of different colors of light. This
separation is called angular dispersion. Elements with angular dispersion, such as prisms and
gratings, have been used by scientists for almost two centuries to study atomic and molecular
spectra. The ultrafast community also uses angular dispersion, often as a trick to compensate
for normal GDD. Since most materials have normal dispersion for λ < 1300 nm, such a trick is
necessary in order to compress pulses that have been broadened by normal GVD.
We are going to calculate the GDD due to an arbitrary angularly dispersive element. First,
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start by looking at the phase delay, which is related to optical path length by the following:
φ(ω) =
ω
c
P (ω) (A.21)
where P (ω) is the frequency-dependent optical path length. The second derivative of φ(ω) with
respect to frequency is:
d2φ(ω)
dω2
=
1
c
(
2
dP (ω)
dω
+ ω
d2P (ω)
dω2
)
(A.22)
To find the GDD, just evaluate the above at ω0, once P (ω) is known. Let’s first calculate P (ω)
for an arbitrary angular optical element, such as shown in figure A.3. The ray ~r0 is the path of
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Figure A.3: An arbitrary optical element splits up the beam frequencies into different angles α(ω),
with two specific rays shown for use in the calculation.
the center frequency, ω0 and ~r(ω) is the path of an arbitrary frequency, ω. We want to find the
optical path length Pr, which goes from the angular optical element to the plane wavefront shown,
perpendicular to the ray. Assuming L is the optical path length of ω0 to the plane wavefront shown,
then P (ω) = L cosα. Using equation A.22 we find:
d2φ(ω)
dω2
∣∣∣∣
ω0
= −L
c
[
sinα
(
2
dα
dω
+ ω
d2α
dω2
)
+ ω cosα
(
dα
dω
)2] ∣∣∣∣
ω0
= −Lω0
c
(
dα
dω
∣∣∣∣
ω0
)2
(A.23)
Equation A.23 is general to any angular optical element which is characterized by the angular
dispersion dαdω . The GDD from angular dispersion is alway negative, independent of the sign of
dα
dω .
This fact is extremely helpful because it allows angular dispersion to be used to achieve anomalous
dispersion at any wavelength where a grating or prism can separate the light.
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Two prisms combined with a retro-reflecting mirror are often used to achieve net negative
round trip GDD in a laser cavity. The Yb:KYW laser I built for my thesis uses this geometry. The
prisms are typically isosceles Brewster prisms; Brewster prisms are cut so that the center frequency
of the light enters the prisms at Brewster’s angle and at minimum deviation angle of the prism. At
minimum deviation the path of the light inside the prism is parallel to the bottom of the prism, as
shown in figure A.4.
Mirror	  
input	  
prism	  1	  
prism	  2	  
L	  
Figure A.4: Two isosceles Brewster prisms used at minimum deviation combines with a mirror
provide a means of achieving negative GDD for dispersion compensation
The light going through prism 1 comes out with an angular dispersion. Prism 2 corrects
this angular dispersion, making the rays of different frequencies travel parallel, but with a spatial
chirp across the beam. Reflection through the system undoes the spatial chirp, recombining the
frequencies. The net GDD of this prism system comes from both the positive GDD of the light
going through the prism material, the negative GDD from the angular dispersion of the light going
through the prisms, and the angular dispersion of the light traveling through the free space between
the prisms. Let the distance between prism 1 and prism 2 for ω0 be L and the distance ω0 traverses
in the glass of prism 1 and prism 2 in one pass be Lg. Assuming isosceles Brewster prisms aligned
correctly for minimum deviation, the GDD from going through this optical system, including all the
contributions mentioned, can be calculated using geometry, Brewster’s angle formula and Snell’s
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law to be:
d2φ
dω2
=
λ3l
pic2
[
Lg
d2n
dλ2
∣∣∣∣
λ0
−
(
4L+
Lg
n3
)(
dn
dλ
∣∣∣∣
λ0
)2]
(A.24)
This result is in terms of the wavelength for convenience, since n is often given as a function of
wavelength, eg., Sellemeier equations for glass. The negative part of the GDD gets more negative
with increasing L, whereas the positive part increases with increasing Lg. These two parameters
will be used to tune the GDD of the prism system to be the correct value for soliton mode-locking,
to be described in A.0.6.
A.0.5 Pulse propagation in a nonlinear dielectric
Pulse propagating in a nonlinear dielectric medium follows the generalized nonlinear Schro¨dinger
equation (GNLSE), found in [2]. Denote, E = E(z , t) as the electric field amplitude of the pulse
envelope in the retarded time-domain, i.e. t− z/vg → t, then the GNLSE looks like:
∂E
∂z
+
α
2
E +
∑
n≥2
kn
in−1
n!
∂n
∂tn
 E = iγ [|E|2E + i
ω0
∂
(|E)|2E)
∂t
− TRE ∂|E|
2
∂t
]
. (A.25)
The GNLSE equation takes into account absorption/gain (α), material dispersion (kn), self-phase
modulation (SPM, γ, first term on right-hand side), the non-instantaneous response of the nonlinear
polarization (second term on right-hand side) which causes self-steepening of the pulse, and the
effects of the Raman induced frequency shift (last term on right-hand side, with Raman response
time TR, related to the slope of the Raman gain spectrum).
For propagation of short pulses in highly nonlinear fibers, the last two terms on the right-hand
side of the GNLSE need to be included. In fact, for very short pulses with correspondingly broad
spectra, this equation will not necessarily hold because it assumes the Raman gain is linear across
the pulse bandwidth, not to mention the SVEA assumption of ∆ωpω0 << 1.
In many not quite so nonlinear situations, the GNLSE can be simplified further by dropping
the last two terms; the term drop means only including nonlinear effects of SPM and absorption/gain
are included. If we do that, only include the second order (GDD) term in the dispersion, and drop
out the absorption, we are left with an ubiquitous equation that is called the nonlinear Schro¨dinger
157
equation (NLSE):
i
∂E(z, t)
∂z
− k2
2
∂2E(z, t)
∂t2
+ γ|E(z, t)|2E(z, t) = 0 (A.26)
The NLSE predicts the propagation of pulses which are acted upon by GDD and SPM while
propagating along the z-direction. There is a very special solution to this equation called the soliton
solution, which I will discuss in section A.0.6.
A.0.6 Optical Solitons
There is a certain shape of pulse envelope that doesn’t change as it propagates in a nonlinear
medium which follows the NLSE because the effects of SPM and negative GDD on the pulse envelope
exactly cancel. The equation for this stationary pulse can be found by setting the z-derivative equal
to zero in the NLSE:
−k2
2
∂2E(z, t)
∂t2
+ γ|E(z, t)|2E(z, t) = 0. (A.27)
The solution to this equation has a sech pulse shape and is called a soliton The sech pulse shape was
already discussed back in equation A.19; now we know why there was interested in that particular
pulse shape. A soliton propagates without changing its pulse shape as long as the pulse energy
Ep =
∫∞
−∞ |E(z, t)|2dt is given by:
|Ep| = 2|GDD|
δτs
(A.28)
where δ is the SPM coefficient. For a gaussian beam of beam radius w going through a medium of
length l with nonlinear index n2 the SPM coefficient is:
δ =
4n2l
λw2
.
Note that equation A.27 is only valid for a homogeneous medium.
For a fs-laser cavity, we can write an approximate analytic equation for the the effect of the
various cavity elements in one round trip by considering the effects to be averaged over one round
trip of the cavity. A slightly different form of the GNLSE or the NLSE applies for this case, since
rather than make the pulse envelope stay constant, we instead force it to be the same in one round
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trip. This is analytically done by setting:
d
dz
≈ 1
vg
d
dT
=
Trep
2L
d
dT
,
where Trep = 1frep is the time the pulse takes to make one cavity round trip and T is a time scale on
the order of Trep. This type of equation is called a master equation and was pioneered by Haus in
1975 [69]. With only the effects of GDD and SPM considered, the following master equation results:
iTrep
∂E(T, t)
∂T
−GDD∂
2E(T, t)
∂t2
+ δE(T, t)|2E(T, t) = 0 (A.29)
The solution to this equation can be found in [189]. Here I just give the result:
E(T, t) = A0sech[x(T, t)]eiθ(T,t), (A.30)
where
x(T, t) =
t+ 2GDDp0T − t0
τs
θ(T, t) = −p0t−GDD
(
1
τ2s
− p20
)
T
Trep
+ θ0
where at this point we consider a general solution with a possible time shift t0, initial phase θ0 and
frequency offset from the carrier p0. For the case where these shifts are zero, the solution becomes a
simple sech-shaped pulse as described earlier in A.19. For the soliton in the cavity it’s pulse energy
Ep =
∫ Trep
2
−Trep
2
|E(T, t)|dt,
is related to it’s pulse width by:
|Ep| = 4|GDD|
δτs
. (A.31)
Note the factor of 2 difference between equation A.31 and A.28. One additional reminder,
when making calculations it is important to be careful to distinguish between the pulse FWHM τp
and the soliton length τs =
τp
1.76 .
For the full master equation for the fs-laser mode-locked with a slow saturable absorber,
including GDD, SPM, gain, loss, filtering due to the gain, output coupler and mirror bandwidth,
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see [84]. Ka¨rtner et. al. solved the complete master equation by using soliton perturbation theory
to find that a slow saturable absorber can stabilize mode-locking with pulses much shorter than the
recovery time.
Appendix B
Characterizing oscillators in the time and frequency domain
Throughout this thesis I have assumed that the reader already knows the basic ways that
metrologists characterize noise in oscillators in the time and frequency domain. This appendix will
cover the metrics used, in particular, the phase noise PSD and the Allan deviation, closely following
the presentation and using many figures from NIST Special Publication 1065 [145].
B.1 Introduction and definitions
In time and frequency metrology it is often necessary to characterize an oscillator which
consists of a strong carrier frequency with added noise. Metrologists can do this either in the time
domain with the Allan deviation, or in the frequency domain with the noise power spectral density
(PSD) as a function of frequency from the oscillator’s carrier.
Start with a sinusoidal oscillator which outputs a voltage as a function of time given by:
V (t) = (V0 + (t)) sin(2piν0t+ φ(t)), (B.1)
where the nominal carrier frequency of the oscillator is ν0. The time-varying phase deviation, φ(t),
causes phase modulation noise (PM) on the V (t) signal. The time-varying amplitude component,
(t), causes amplitude modulation (AM) noise. AM and PM typically can have various power law
noise characteristics, to be discussed later, or they can have coherent spurs. Figure B.1 shows a
sample pure sine wave signal and the effects of pure white AM, pure white PM and pure spurious
noise on the time voltage signal.
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Figure B.1: This figure shows the effects of AM, PM and spurious PM noise on a voltage signal in
the time-domain.
For this section we will focus on characterizing the PM noise of the oscillator, ie. assume
(t) ≈ 0. The oscillator has an instantaneous frequency of:
ν(t) = ν0 +
1
2pi
dφ(t)
dt
. (B.2)
Let’s define two variables commonly measured in the time domain:
x(t) =
φ(t)
2piν0
(B.3)
y(t) =
ν(t)− ν0
ν0
(B.4)
=
dx(t)
dt
. (B.5)
where x(t) is the phase, normalized by the nominal frequency. The units of x(t) are seconds. The
other variable, y(t), is the fractional instantaneous frequency deviation from the carrier, ν0. To
characterize an oscillator in the time-domain, start by taking measurements at time bins t→ ti = iτ0
of xi or yi. This phase or frequency data allows the Allan deviation to be calculated, which will be
defined later. The phase x(t) and the frequency y(t) are related by a derivative or integral.
Analysis of oscillator noise in the frequency domain is done by looking at the spectrum of the
variables just defined. The power spectral density (PSD) is measured on a 1 Hz bandwidth at a
frequency f away from the carrier ν0. For example, one PSD that is important for understanding
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this thesis work is the double-sided power spectral density (PSD) for the phase fluctuations,
Sφ(f) =
[φ(f)]2rms
1 Hz
,
where the brackets denote a measurement of the rms phase deviation in a 1 Hz bandwidth. The
units of the phase noise PSD are rad2/Hz.
There are other PSD’s that are measured, but they are mostly related to the phase noise
PSD by some mathematical identies. The PSD of the frequency fluctuations is Sy(f) and has units
of 1/Hz. The PSD of the time fluctuations is Sx(f) and has units of sec2/Hz. The relation between
the three is:
Sφ(f) = (2piν0)2Sx(f) =
(
ν0
f
)2
Sy(f) (B.6)
Another realization of the phase noise is the single side band phase noise,
L(f) = 10 log
(
Sy(f)
2
)
, (B.7)
which has units of dBc/Hz, where dBc is dB’s with the carrier power as the reference.
If the AM noise is negligible then L(f) can be simply understood as the energy in the spectrum
of the oscillator at f away from the carrier in a 1 Hz bandwidth. However, in the presence of AM,
the simple Fourier transform of the time-domain data has AM folded in with the phase noise, so
one must be careful.
B.1.1 Noise processes and their effect on the PSD
Most noise in oscillators comes from five different fundamental power law noise processes.
This is in addition to spurs, which add a coherent spike to the phase noise. Mathematically, the
five fundamental processes actually come from three different power law noise behaviors, which
can either modulate the phase (PM) or the frequency (FM). Power law noise can modulate the
amplitude also, but for now we only consider FM and PM noise. Power law noise is characterized
by its power law frequency behavior on the (phase or frequency) PSD of the oscillator:
163
(1) White Noise: does not depend on frequency i.e. f0. The value of the parameter is varying
about the mean but returns to the mean. For this type of noise a standard deviation will
fully describe the data.
(2) Random Walk (RW) Noise: goes as f−2. The value of the parameter is following a random
walk, i.e., takes a step either forward or backwards randomly at each “coin flip”. After N
steps it will be
√
N away from its original location.
(3) Flicker Noise: goes as f−1. Somewhere in between white and random walk noise, as if your
random walker has some memory of where it was and would like to return there.
(4) Flicker Walk Noise: goes as f−3. Not as prevalent as the other three
(5) Random Run Noise: goes as f−4. Also not as prevalent
Figure B.2: This figure shows the effects of the various noise processes on data taken in the time
domain.
Figure B.2 shows the effect of these power law noise processes on time domain data (xi or yi).
Because the phase is the integral of the frequency, PM and FM power law noise’s effect on Sφ differs
by a factor of f2. In a plot of Sy(f)the FM version of each of these processes is directly written
onto the PSD, so white FM leads to a flat spectrum, RW FM leads to f−2 behavior and flicker FM
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leads to f−1 behavior, whereas white PM leads to f2, flicker PM leads to f1 behavior. White FM
and RW PM have the same behavior and thus are indistinguishable.
PSD’s are typically graphed on a log-log scale. On a log-log plot, power laws look like straight
lines with the power determining the slope. Thus, as figure B.3 demonstrates, a PSD can be used
to distinguish which regions away from the carrier frequency are dominated by which types of noise
by looking at the slope of the PSD in various regions. PSD plots are typically used to measure the
noise at higher frequencies away from the carrier, as the close to carrier data is harder to extract in
this process. Close to carrier information on the oscillator can be more readily studied with the
Allan deviation and it’s analogues, discussed in the next section.
Figure B.3: The phase noise PSD of an oscillator, showing the effects of various noise processes on
the PSD slope.
B.1.2 Allan Deviation
The Allan deviation was invented by David Allen in the 1960’s as an improved method of
characterizing clocks beyond the standard deviation. Starting from a set of M points of yidata (i.e.
fractional frequency deviation data taken at some time interval τ0), the Allan deviation allows the
fractional frequency instability as a function of averaging time to be found. From the dataset, the
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original Allan deviation is defined as:
σy(τ) =
√√√√ 1
2(M − 1)
M−1∑
i=1
(yi+1 − yi)2.
If data is taken at time bins τ0, the Allan deviation can be found at τ = τ0, 2τ0, 3τ0..., by
throwing out data in between, as shown in the top part of figure B.4. This original Allan deviation
has been replaced by the overlapping Allan deviation. The overlapping Allan deviation takes all
possible pairs of data separated by τ to find σ(τ), as shown in the bottom of figure B.4. This method
allows more information to be extracted from the dataset for better averaging. The overlapping
Allan deviation is represented mathematically for τ = mτ0.:
σy(τ) =
√√√√ 1
2m2(M − 2m+ 1)
M−2m+1∑
j=1
{
j+m−1∑
i=i
(yi+m − yi)
}
. (B.8)
Figure B.4: How the Allan Deviation is calculated.
There are many other versions of the Allan deviation/variance (variance is the deviation
squared) that have the same main behavior as the Allan deviation. Examples are the modified
Allan variance, the Hadamard variance, the Total variance, modified total variance, and Theo1, etc.
The main idea is still to characterize the fractional frequency deviations of the data as a function of
averaging time.
As with the PSD, the Allan deviation (also called sigma-tau plot) can be used to characterize
the dominant noise process over different timescales/frequencies. If, in the frequency domain the
power law for the noise is dominated by Sy ∼ fα, then σy(τ) ∼ τ
µ
2 and µ = −α− 1. The following
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Noise α µ
White PM 2 -2
Flicker PM 1 -2
White FM/RW PM 0 -1
Flicker FM -1 0
RW FM -2 1
Table B.1: The effects of different power law noise processes on the Allan Deviation and phase noise
PSD are given.
chart shows what the power law behavior for the different noise processed discussed in section B.1.1.
Figure B.5 shows the Allan deviation for the various noise processes.
Figure B.5: A sample plot of Allan deviation, showing how the noise affects the slope of the Allan
deviation.
B.1.3 Converting between Allan Deviation and PSD
If the frequency noise PSD, Sy(f), is measured, the Allan deviation can be found by the
following:
σ(τ) =
√∫ ∞
0
Sy(f ′)|W (f, τ)|2df. (B.9)
For the Allan deviation, the weighting function W(f, τ) is:
WAllan(f, τ) =
√
2 sin2(pifτ)
pifτ
. (B.10)
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.
As presented in Dawkins et. al. in [38], frequency counters, in particular the Agilent 53131A
and 53132A, which are the counters we typically use in our lab, often have a different weighting
function. In order to compare PSD data to the Allan deviation that was calculated from frequency
counter data, the triangle weighting function is used. The triangle weighting function is used
internally by the counters:
WTri(f, τ) =
√
32 sin2(pifτ2 )| sin(pifτ)|
(pifτ)2
(B.11)
.
With a power law noise model one can also convert time-domain data into the phase noise
PSD using various specific formulas given in the NIST Special Publication 1065, Chapter 7.
B.2 Phase-locked Loops
For the comb output of a mode-locked laser to serve as a frequency comb, both the CEO
frequency and frep need to be locked. First they are converted into the RF domain either via
heterodyne beat detection (f0 or fbeat ) or direct photodetection of frep . An RF phase locked loop
(PLL) is used to lock each frequency to a reference oscillator.
A block diagram for a basic PLL is shown in figure B.6. An RF frequency, fmeas, of the
mode-locked laser (f0 , fbeat with the optical reference) is detected by a photodiode with light from
an interferometer. The frequency fmeas is bandpass filtered to isolate the frequency signal of interest.
The isolated signal is amplified to ∼ 0 dBM so that it can be frequency divided by N. Typical values
of N are 8 or 64. Then the divided down frequency, fmeasN is compared to a reference oscillator, fref ,
by a digital phase detector (DPD). The voltage output of the DPD is linearly proportional to the
phase difference between the fmeasN signal and a reference, fref , at least, when the frequencies are
already nearly the same. This error signal is filtered by a loop filter; the loop filter shapes the error
signal to match the actuator. The actuator to control fmeas with the error signal voltage is typically
one of two things. To control the cavity length a piezoelectric transducer is attached to one of the
168
mirrors in the mode-locked laser. To control f0 an acousto-optic modulator or laser diode controller
modulates the pump power.
ML	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DPD	  
Loop	  
Filter	  
BP	  
+	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Figure B.6: A basic phase-locked loop block diagram is shown. BP=bandpass filter, ML=mode-
locked, DPD=digital phase detector, PD=photodiode
Appendix C
Mirror Data
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Figure C.1: Mirror data on the 5% output coupler used in the Yb:KYW fs-laser.
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Figure C.2: Mirror data on the 5% output coupler used in the Yb:KYW fs-laser.
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Figure C.3: Mirror data on the 0.4% output coupler used in the GHz Yb:KYW fs-laser.
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Figure C.4: Mirror data on the Layertec R=20 cm mirror used in system 1.
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Figure C.5: Mirror data on the Layertec R=20 cm mirror used in system 1.
Figure C.6: Mirror data on the Layertec GTI mirror with -375 fs2 of GDD.
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Figure C.7: Mirror data on the Layertec GTI mirror with -375 fs2 of GDD.
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Figure C.8: Mirror data on the Layertec GTI mirror with -250 fs2 of GDD.
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Figure C.9: Mirror data on the Layertec GTI mirror with -250 fs2 of GDD.
178
Figure C.10: Mirror data on the custom designed mirrors made by REO.
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Figure C.11: Mirror data on the custom designed mirrors made by REO.
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Figure C.12: Mirror data on the -800 fs2 GTI mirrors made by Layertec.
181
Figure C.13: Mirror data on the -800 fs2 GTI mirrors made by Layertec.
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Figure C.14: Data on the mirrors made by Ekspla.
